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ABSTRACT 

The  study  of  high  energy  density  systems  in  the  second  quatter  Included: 
investigation  of  new  electrolyte  solvents;  development  of  a  technique  for 
purifying  propylene  caihonate  and  other  solvents;  continued  studies  of 
corrosion  and  solubility  oi  anode  a. id  cathode  materials  in  various  elec- 
trol'^^es;  investigation  of  the  effect  of  various  fabrication  and  operating 
parameters  on  cathode  performance;  development  of  Li  anode  fabrication 
methods;  and  construction  and  tasting  of  compact  LiXzSuFa  cells. 

Propylene  carbonate  of  high  purity  was  obtained  by  vacuum  distillation 
from  a  basic  oxide  (Ca  O)  or  an  alkali  metal  (Li). 

Various  new  electrolyte  solvents  were  screened  to  determine  their  com¬ 
patibility  with  the  Li  CuFx  couple,  but  none  were  found  to  be  comparable 
to  propylene  cari^onate. 

A  re-evaluation  of  solubility  of  CuFx  in  various  electrolytes,  using  puri¬ 
fied  solvents,  revealed  generally  low  solubility,  except  in  Li  Cl  O4/ 
acetonitrile,  LiClQi/nitromethane,  and  AICI9 /propylene  carbonate. 
Corrosion  rates  of  Li  in  these  electrolytes  were  high  except  for  LiC104/ 
propylene  carbonate  and  LlC104/nltromethane. 

Investigation  of  new  CuFj  cathode  binders  revealed  that  none  of  those 
tested  was  superior  to  polyethylene. 

A  re-evaluation  of  CuFj  particle  size,  with  regard  to  its  effect  on  cathode 
performance,  revealed  that  material  of  -170  mesh  was  the  best  of  all 
fractions  tested. 

Cupric  fluoride  cathode  performance  was  found  to  increase  with  an  in- 
crev  -e  In  operating  temperature  between  0*C  and  30*C  and  decreased 
with  further  Increase  in  temperature  to  60®C. 

Attempts  to  develop  new  CuFz  cathode  fabrication  techniques,  by  elec- 
troforming  copper  fluoride  in  fluoride  containing  electrolyte,  and  by 
chemical  treatment  of  sintered  CuO  with  BrFs  were  unsuccessful. 

A  study  of  various  anode  fabrication  methods,  including  pressed  Li 
ribbon  and  powder,  and  electroformed  Li,  revealed  that  the  pressed 
ribbon  method  was  by  far  the  best,  with  regard  to  both  performance 
and  simplicity  of  fabrication. 

A  separator  study  was  initiated  to  develop  a  material  suitable  for  use 
in  the  Li/3uF2  system,  and  having  the  characteristic  of  low  electrical 
resistance,  resistance  to  chemical  attack,  and  the  capability  of  acting 


a?  3  barrier  to  migration  of  copper  Ions  to  the  anode.  Thus  far,  only 
asbestos  filter  paper  has  been  used  as  a  separator  In  cell  construction 
bu:  it  is  not  completely  satlsfactor/, 

L^CuF2  cells  of  compact  construction,  containing  two  LI  anodes  and 
one  CuFj  cathode,  and  with  asbestos  filter  paper  Insulation,  have  been 
tested.  An  energy  density  of  525  watt  hours  per  lb  (based  on  active 
materials  consumed  only)  has  been  obtained  with  a  current  density  of 
1,7  ma/cm‘.  Charged  stand  capability  is  limited  to  about  16  hours 
because  of  migration  of  copper  ions  to  the  anode,  with  consequent 
short  circuiting  of  the  cells. 
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INTRODUCTION 

This  report  describes  the  work  carried  out  in  the  second  quarter  of  Contract 
No.  Dh‘’28-'043-AMC'0 1394(E),  the  aim  of  which  is  to  conduct  investigations 
leading  to  the  development  of  an  organic  electrolyte  battery  with  an  energy 
density  greater  than  200  watt  hours/lb. 

The  work  carried  out  in  the  first  quarter  indicated  that  good  CuFx  electrodes 
could  be  made  by  the  hot  pressing  technique  and  that  lithium  electrodes  could 
be  made  by  pressing  lithium  ribbon  into  a  conducting  grid.  Considerable  effort 
was  devoted  to  the  development  of  a  suitable  electrolyte  which  led  to  the  adop¬ 
tion  of  lFliCl04  in  propylene  carbonate  because  of  its  inectness  and  fairly 
good  conductivity. 

It  was  decided  in  this  quarter  that  we  should  further  investigttethe  preparation 
and  optimization  of  the  GuFj  and  Li  electrodes  and  begin  the  assembly  of  small 
prototype  cells.  Since  the  conductance  of  the  LiClQi/pcopylene  carbonate 
electrolyte  leaves  something  to  be  desired,  a  <x>ntinuiiig  secuch  was  made  for 
other  promising  solvents  •  Work  was  also  started  on  the  investigation  and 
characterization  of  various  separator  materials  to  determine  their  suitability 
for  cell  construction. 

experhientio. 

1)  EIXCTRQLYTB  Sr^  »IE8 

The  work  conducted  in  the  last  quarter  consisted  of  screening  a  number  of  solvent 
and  solute  systems  vdiich  led  to  the  selection  of  IF  LI  Cl  0«  in  propylene  carbon¬ 
ate  as  a  promising  electrolyte.  A  detailed  investigation  of  the  oomluctance 
fu  ration  indicated  that  the  solute  was  essentially  completely  dissociated  and 
that  the  ions  were  unsolvated  by  the  isopylene  carbonate. 

Corrosion  studies  indicated  that  both  ChFa  end  Li  were  attacked  to  some  extent 
by  ixopylene  carbonate.  The  solvent  lased  in  these  experisBents  was  as  received 
material  from  Eastman  Organic  'Chemicals  and  it  was  tltought  that  the  reserved 
corrosion  may  be  a  function  of  the  impurities  present  la  it.  Since  the  electrolyte 
must  be  inert  towards  the  electrode  materials  to  give  a  reasonable  chance  of  a 
long  activated  stand  life,  it  was  decided  to  investigate  methods  of  obtaining 
very  pure  propylene  carbonate  from  the  as  received  stock. 

1.1  Furification  of  Propylene  Carbonate 

The  propylene  carbonate  used  in  these  experimerds  was  Eastman  Organic 
Chemical  Company  practical  grade.  The  solvent  was  irrvestigated  by  vapour 
phase  chromatography  and  by  voltarametry  at  oorttroUed  potential.  Purification 
was  carried  out  by  the  following  procedures. 


1.1.1  Drying  with  a  Desiccant 


Linde  Co.  No.  5A  molecular  sieve  was  activated  by  drying  at  120®C  in  a 
vacuum  oven  for  16  hours.  About  50  g  of  the  activated  sieve  was  added 
to  a  3  kg  bottle  of  propylene  carbonate  which  was  then  tightly  stoppered 
and  shaken  periodically  for  one  week. 

1.1.2  Vacuum  Distillation 

Propylene  carbonate  was  distilled  at  one  millimeter  pressure  through  a 
modified  Vigreux  column  12  in.  long.  The  first  fraction  started  to  come 
over  at  60®C  after  which  the  temperature  rapidly  increased  to  70-72®C  at 
which  the  main  fraction  was  distilled  off.  The  distillation  was  terminated 
when  the  temperature  exceeded  72®C.  The  middle  fraction  was  collected 
while  the  others  were  discarded. 

1.1.3  Vacuum  Distillation  from  Drying  Agents 

The  method  was  essentially  identical  to  the  above  except  that  the  propylene, 
carbonate  was  refluxed  over  a  drying  agent  for  one  hour  before  any  solvent 
was  collected.  The  drying  agents  examined  were: 

i)  Calcium  oxide 

ii)  Silica 

lii)  Lithium  ribbon 

It  was  observed  that  the  temperature  increased  from  60®C  to  66®C  during 
refluxing  indicating  that  some  impurity  was  reacting  with  the  drying  agent. 
The  temperature  at  which  fractions  were  collected  were  approximately  the 
same  as  when  drying  agents  were  absent. 

Volumetric  flasks,  filled  to  the  brim  to  exclude  air,  were  used  to  store  the 
samples. 


1  -  2  Determination  of  Impurities  Vapour  Phase  Chromatography 

The  samples  were  analyzed  by  means  of  an  F  and  M  Model  700  gas  chromato¬ 
graph  equipped  with  a  Model  240  temperature  programmer.  The  concentration 
of  vapour  was  determined  by  a  thermal  conductivity  detector  whose  response 
was  recorded  on  a  Honeywell  1  mv  recorder.  The  columns  were  stainless 
steel  tubes  ft  long  packed  with  Chromcsorb  W  (an  acid  washed  diatcmaceous 
earth)  coated  with  10%  Caihowax  20  M. 

Initially  it  was  thought  advisable  to  inject  the  propylene  cart>onate  at  a 
tenperatore  edx>ve  its  boiling  point  to  insure  complete  vapourization.  With 
the  column  at  50*C  a  2y  Hr  sample  was  injected  at  280*C,  The  temperature 
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programmer  was  set  to  raise  the  column  temperature  at  15*/mlnute.  When  the 
column  was  at  210®C  the  temperat':re  was  held  constant  for  20  minutes  to  en¬ 
sure  complete  elution  of  the  sample.  The  carrier  gas  was  helium  flowing  at 
60  ml/min  at  an  inlet  pressure  of  30  pslg. 

Chromatograms  were  obtained  from  the  following  samples  using  sensitivities 
that  gave  a  meaningful  peak  height. 

1)  Eastman  propylene  carbonate  as  received 

ii)  Propylene  carbonate  dried  over  Linde  No.  5A  molecular  sieve 

ill)  Propylene  carfjonate  distilled  at  1  mm  Hg 

iv)  Propylene  carbonate  distilled  at  1  mm  Hg  from  Ca  O 

v)  Propylene  carbonate  distilled  at  1  mm  Hg  from  SiO* 

vi)  Propylene  carbonate  distilled  at  1  mm  Hg  from  Li  wire 

The  chromatograms  are  shown  in  Figures  1  to  6. 

It  can  be  seen  that  all  the  curves  show  a  variety  of  peaks  indicating  the  presence 
of  several  impurities.  A  qualitative  analysis  of  the  peaks  was  carried  out  by 
running  blanks  of  compounds  which  might  reasonably  be  expected  to  be  present 
as  Impurities  in  propylene  carbonate.  Where  the  peak  due  to  the  known  test 
material  coincided  with  a  peak  from  the  propylene  carbonate,  it  was  deduced 
that  the  compounds  were  identical.  In  this  way  the  principal  peaks  were  identi¬ 
fied  as  follows. 


Peak  No. 

Temperature 

Time 

Tentative 

Identification 

Formula 

1 

65-68®C 

Carbon  dioxide 

COx 

2 

89*C 

Propylene  oxide 

CH,  -  CH  -  CHx 

3 

103*C 

Not  identified 

4 

i39®C 

Not  identified 

5 

159*C 

Water 

HxQ 

6 

170®C 

Allyl  alcohol 

CHx=CH  -  CHaOH 

7 

210®C 

3  min 

Propylene  glycol 

CH,  -  CH  OH  -  CHx  OH 

8 

210«C 

8- 10  min 

Propylene  carbonate 

CH,  -  CH  -  CHx 

The  as  received  propylene  carbonate  is  seen  to  contain  COx,  propylene  oxide, 
allyl  alcohol  and  propylene  glycol  as  major  impurities  together  with  a  small 
amount  of  water.  On  drying  over  Linde  No.  5A  molecular  sieve,  it  appears  that 
ito  significant  improvement  In  the  purity  of  the  propylene  carbonate  is  obtained. 
The  small  peak  due  to  the  presence  of  a  trace  of  water  is  still  present  and  the 
amount  of  propylene  glycol  has  actually  increased. 
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After  distilling  at  1  rrT  Hg  a  trace  very  similar  to  the  undlstllled  samples  was 
obtained  although  there  was  a  slight  reduction  in  the  peak  height.  The  samples 
which  were  distilled  under  vacuum  from  Ca  O  and  Si  Oj  show  a  new  peak  at  103*C 
which  has  not  yet  been  identified  although  It  may  be  acetone.  This  peak  is  very 
small  in  the  sample  distillod  from  lithium  ribbon.  The  amount  of  propylene  glycol 
has  been  considerably  reduced  in  the  propylene  carbonate  distilled  from  CaO, 

Si  O2  and  Li* 

In  general  the  traces  are  remarkably  similar/  no  significant  difference  \n^as 
observed  with  any  of  the  purification  techniques.  This  common  property  of 
the  chromatograms  led  as  to  suspect  that  the  source  of  the  impurities  was  not 
in  the  original  material  but  in  our  analytical  technique.  It  is  known  that  propy¬ 
lene  carbonate  when  heated  decomposes  to  give  propylene  oxide,  proplonalde- 
hyde,  aiiyl  alcohol  and  carbon  dioxide  (1).  Since  all  of  these  compounds  except 
propionaldehyde  were  found  it  was  suspected  that  at  some  stage  the  propylene 
cari>onate  was  being  decomposed.  The  most  likely  point  is  when  the  sample  is 
introduced  Into  the  chromatograph  at  ?80®C.  If  decomposition  occurred  here  the 
analyses  would  sii  bs  sxpec-tsd  to  be  similar.  It  was  decided  to  test  this  hy¬ 
pothesis  by  repeating  the  experiment  using  an  injection  temperature  of  110®C 
at  which  propylene  cariionate  should  be  stable.  The  chromatograms  are  shown 
in  Figures  7  to  1 2. 

It  can  be  seen  that  in  general  there  are  fewer  peaks  than  when  the  sample  ia( 
Injected  at  280®C.  The  as  received  propylene  carbonate  shows  peaks  charac¬ 
teristic  of  carbon  dioxide,  propylene  oxide  and  propylene  glycol.  The  cartion 
dioxide  peak  is  extremely  small  and  the  sensitivity  had  to  be  Increased  to  4x 
to  record  a  meaningful  wave.  Standing  the  propylene  carbonate  over  molecular 
sieve  increased  both  the  numiier  and  concentration  of  the  impurities.  A  fairly 
large  unidentified  wave  was  found  at  i03®C  and  the  amount  of  propylene  glycol 
was  Increased,  This  may  be  due  to  decomposition  of  the  propylene  carbonate 
by  the  basic  complex  alumino  silicate  since  this  is  known  to  occur  at  elevated 
temperatures  (1).  When  the  propylene  carbonate  was  distilled  under  vacuum, 
only  a  trace  of  carbon  dioxide  and  propylene  oxide  remained  in  the  distillate. 

The  amount  of  propylene  glycol  was  not  affected  and  it  thus  appears  that  this 
cannot  be  removed  by  distillation  alone, 

Tl:e  samples  of  solvent  distilled  from  Ca  O,  Si  O*  and  lithiuir.  ribbon  were  all 
found  to  be  extremely  pure,  only  a  trace  of  was  evident.  This  may  have 
come  from  inclusion  of  a  trace  of  air  in  the  sampling  syringe,  xne  Increase  in  • 
base  line  current  around  200®C  is  attributed  to  "bleeding”  of  the  Cazbowax.  20  M 
which  is  slightly  volatile  at  these  temperatures. 

It  thus  appears  that  distillation  from  a  basic  oxide  or  alkali  metal  is  necessary 
to  remove  the  propylene  glycol  by  reaction  to  form  the  alcoholate  of  the  metal. 

By  this  method  extremely  pure  propylene  carbonate  can  be  obtained.  The  nume¬ 
rous  peaks  observed  when  a  high  injection  temperature  is  used  are  attributed  to 


decomposition  of  the  propylene  rarb':r.ate  in  the  chromatograph. 

1 . 3  Decompositicr.  Potential  Studies 

Although  the  decomposition  poten*:tal  of  an  electrolyte  has  no  exact  theoretical 
significance,  it  can  provide  a  useful  tool  for  the  detection  of  eloctroactlve 
species  in  the  solution.  The  method  used  was  that  of  voltammetry  at  controlled 
potential.  A  Pyrex  glass  cell  of  conventional  design  was  used  for  the  measure¬ 
ments.  This  is  shown  in  Figure  13.  The  cell  was  filled  with  propylene  carbon¬ 
ate  in  an  argon  filled  dry  box  and  continuously  flushed  with  dry  argon  during  the 
measurements.  A  Wenklng  potenttcstat  was  used  to  control  the  potential,  be¬ 
tween  the  reference  electrode  and  the  cathode,  in  conjunction  with  a  bias  box 
where  potentials  greater  than  3  volts  were  desired.  The  potential  was  controlled 
manually  in  steps  of  0. 1  volts  and  five  minutes  was  usually  allowed  for  the 
current  to  become  steady  before  the  next  Increment  was  made.  Voltammograms 
were  recorded  on  identical  samples  to  those  subjected  to  vapour  phase  chroma¬ 
tography.  The  results  are  shown  in  Figure  14. 

The  untreated  Eastman  propylene  carbonate  is  seen  to  have  a  large  reduction 
wave  at  -2.00  volts  with  respect  to  a  silver/silver  chloride  electrode.  Vacuum 
distilled  material  does  not  show  this  wave  although  a  reduction  current  starts 
to  be  observed  at  -3.00  volts.  Referring  to  the  chromatographic  experiments 
the  main  difference  between  as  received  end  distilled  propylene  carbonate  is 
the  elimination  of  propylene  oxide.  It  thus  seems  probable  that  this  is  the 
cause  of  the  wave  at  -2.00  volts.  To  Investigate  this  possibility  a  voltam- 
mogram  was  obtained  from  vacuum  distilled  propylene  carbonate  which  had 
been  doped  with  0.05%  propylene  oxide.  A  wave  was  observed  at  approximately 
-2.00  volts  which  coincides  with  the  waves  observed  In  the  as  received  and 
molecular  sieve  treated  material.  We  may  thus  tentatively  conclude  that  reduc¬ 
tion  of  propylene  oxide  is  the  cause  of  the  large  cathodic  current.  The  propylene 
carbonate  distilled  from  Ca  O  shows  an  extremely  small  current  up  to  -5. 5  volts, 
which  is  considered  to  be  Its  decomposition  potential,  and  thus  appears  to  be 
extremely  pure. 

Summarizing  the  investigation  of  purification  techniques  it  has  been  found 
that  several  impurities  exist  in  practical  grade  propylene  carbonate  which  can 
be  removed  by  vacuum  distillation  from  Ca  O,  SI  O*  or  LI.  The  source  of  the 
large  reduction  wave  at  -2.00  volts  has  been  traced  to  propylene  c^de  present 
as  an  Impurity  In  the  solvent. 

1  4  Invf;Stlqation  of  Other  Solvents 

Studies  carried  out  In  the  last  quarter  on  a  variety  of  solvent/solute  systems 
indicated  that  IF  Li  Cl  O4  in  propylene  carbonate  was  a  promising  electrolyte 
from  the  point  of  view  of  conductance  and  compatibility  with  ^  electrode 
materials.  Although  the  dielectric  constant  of  propylene  carbonate  is  high. 
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i*s  high  viscosity  lim’-ts  the  cor.doc:5''*co  of  its  solutions  to  moderate  values. 

In  addmon  there  does  not  seem  to  be  ary  solubility  of  lithium  fluoride  in  its 
solutions,  thus,  when  a  CuFj  electrode  is  discharged  in  LiC104  solution, 

LiF  builds  up  in  the  cathode  which  probably  blocks  up  the  pores  and  reduces 
transport  of  the  Lf^to  the  reaction  site.  It  is  thought  that  significant  improve¬ 
ments  in  the  behaviour  of  the  electrodes  would  result  if  a  more  suitable  elec¬ 
trolyte  were  available  which  was  Inert  towards  the  electrode  materials,  had 
high  conductivity  and  was  capable  of  dissolving  LiF.  For  these  reasons  a 
further  search  was  made  for  solvents  which  might  be  expected  to  form  highly 
conducting  solutions  with  inorganic  salts.  Solvents  were  chosen  on  the  bases 
of  their  dielectric  constants  and  viscosity  which  are  the  most  Influential  para¬ 
meters  on  the  conductance  of  a  solution.  The  solvents  chosen  together  with 
some  of  their  physicochemical  properties  are  shown  in  Table  1.  (2)  {3} 

As  an  Initial  screening  test  the  solvents  were  added  to  a  piece  of  freshly  cleaned 
lithium  ribbon.  If  the  reaction  was  extremely  fast  the  solvent  was  rejected  for 
further  consideration.  Those  solvents  which  showed  only  slight  or  no  reaction 
towards  lithium  were  further  examined  conductometrically.  This  rapid  screening 
test  eliminated  formamlde,  ethanolamine  and  N-methyl  formamlde  from  further 
consideration. 


1.4.1  Determination  of  Conductance 

The  solvents  used  were  the  purest  commercially  available  and  were  not  purified 
before  use.  It  was  decided  to  initially  examine  LiC104  as  a  solute  to  obtain  a 
direct  comparison  with  previous  results  (4).  The  Li  Cl  64  was  obtained  from 
G.  Frederick  Smith  and  Co.,  Columbus,  Ohio  and  was  dried  at  IZO^C  under 
reduced  pressure  for  16  hours.  All  solutions  were  prepared  In  a  glove  box  filled 
with  dry  nitrogen  or  argon  with  the  exception  of  methyl  thiocyanate  which  had 
to  be  used  in  a  fume  hood  because  of  Its  nauseating  odor.  It  was  found  that 
ethylene  dichloride  was  a  very  poor  solvent  and  its  use  was  discontinued.  The 
conductance  of  the  solutions  was  determined  at  25*C  at  a  frequency  of  1000  cps 
in  a  cell  of  constant  0. 926.  The  bridge  used  was  an  E.S.I  Universal  Impedance 
Bridge,  Model  291. 

Curves  of  the  specific  conductance  are  shown  in  Figure  1 5,  and  the  equivalent 
conductances  are  shown  in  Figure  16. 

The  curves  are  quite  conventional  in  that  the  specific  conductance  tends  to 
pass  through  a  maximum  around  1  Formal.  An  interesting  feature  of  the  curve 
of  ethylene  dipropionate  is  that  the  equivalent  conductance  increases  with 
concentration  rather  than  decreases  as  is  usually  observed. 

If  we  assume  that  the  electrolyte  is  associated  into  triple  ion  according  to: 

Lf+ Cl  04- 
Si  Cli‘^cio4-] 


1)  LICIO4 
li)  Ll^  +  ClOl 
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Ui)  [L1'*‘C10;>  LI'"  [LICIO4LIT 
iv}  [  LI*"  Cl  O4  >  Cl  O4  [  Li  Cl  O4  Cl  O4  ]■ 

Fuoss  and  Kraus  {?)  postulated  that  these  triple  Ion  should  be  stable  since 
the  potential  energy  due  to  the  third  ion  is  greater  than  the.mean  thermal 
energy  of  the  ions  in  a  solvent  of  low  dielectric  constant. 

From  the  egulllbrium 


[Li^GlO;]  Li""  *  Cl  O; 

K  ^  lLi'"]  CClOl]  Y  mean  ionic 

[LICIO4]  activity  coefficient 

If  a  e  [Ii*]/C 

a  CLiClC4U]VC/  then  the  concentration 
of  the  single,  double  and  triple  ions  is  given  by  Ca,  CCl-a-Sat)  and  Ca^  respec¬ 
tively. 


If  it  is  assumed  that  the  two  types  triple  ion  are  formed  to  the  same  coctent 

CLiCi04]Ccio;3  ^  [110104]  [Li*]  Ks 
[1101040104]“  “  [LICIQ4  W  ]^  * 

It  is  easy  to  obtain 

a  «  Vk/C  (i-tt~3a:)*^ 

It  can  be  seen  that  as  the  concentration  increases  the  fraction  of  triple  ions 
increases  and  thus  the  conductivity  must  increaseo 

If  Ac  is  the  contribution  of  the  simple  ions  to  the  conductance  and  X  q  that  due 
to  the  triple  ion 

A  «  a  As  tti  Xe 

and  A  «  {V*k7c  <l-a-3ajf4  Y  Ac-  ♦  ^ * )X 9 

This  is  of  the  form 

A  =  Ac^Vi  ^  BcV^ 

The  fomatlon  of  a  triple  1  jn  shifts  the  ion-ion  pair  equilibrium  In  the  direction 
of  a  higher  free  ion  concentration.  The  net  result  is  an  increase  in  conductance 
with  concentration.  V/hen  the  conductance  of  the  free  ions  beccmes  small  {kc^Vi) 
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the  increasing  term  takes  o'/er  and  the  total  concentratJon  of  ions  in¬ 

creases.  T<3  explain  the  shape  ot  the  conductance  curve  of  LICIO4  in  ethylene 
dipropionite  considerable  ion,  association  must  be  postulated  even  at  very  low 
concerrtrations. 

The  conductance  of  acrylonitrile  and  prcpionitrile  solutions  was  quite  high  and 
so  it  was  decided  to  examine  their  effect  on  the  performance  of  the  CuFj  electrode. 

i .  4 ,  2  Effect  of  Acrvlonttrlle  and  Propionltrlle  on  the  Discharge  of  CuF/ 

Cupric  fluoride  electrodes  were  prepared  from  a  mix  of  85%  CuFj  (-170  to  ♦  325 
mesh),  10%  Southwestern  1651  micronlzed  graphite  and  5%  polyethylene  powder 
(-100  mesh).  The  dry  mix  was  tumbled  for  16  hours  before  the  electrodes  were 
fabricated.  Approximately  two  grams  of  dry  mix  were  hot  pressed  at  4000  lbs 
per  cm*  Into  a  5  Cu  14  2/0  expanded  grid.  Two  electrodes  were  discharged  at 
1 . 7  ma  per  cm*  in 


1)  IF  Li  Cl  O4  In  propylene  carbonate 
U)  IF  Li  Ci  O4.  in  propionitrlle 
ili)  IF  Li  Cl  O4  in  acrylonitrile 

The  results  are  shown  in  Figure  17.  In  order  to  compensate  for  the  slightly 
different  electrode  weights,  the  potential  has  been  plotted  against  percent 
CuFi  discharged  based  on  the  reaction  being  CuFz  2  Li*  +  2e  s  Cu  ♦  2  LIF. 

The  capacitv  of  the  electrodes  can  be  seen  to  be  reduced  by  the  acrylonitrile 
and  propiomtrile,  in  addition  the  polarization  is  much  more  severe.  An  inte¬ 
resting  feature  of  the  discharge  in  acrylonitrile  was  that  as  the  reaction  pro¬ 
ceeded  the  electrolyte  began  to  polymerize  and  after  two  hours  was  completely 
solid.  In  spite  of  this,  the  electrode  still  continued  behaving  normally,  indi¬ 
cating  that  the  polymerized  Li  Ci  04/acrylonitrllti  had  appreciable  electrolytic 
conductance.  This  observation  may  be  of  significance  since  it  may  be  a  possible 
way  of  producing  solid  electrolytes  for  ceils. 

Because  the  performance  of  the  CtiFj  electrode  was  adversely  affected  by  dis¬ 
charging  in  acrylonitrile  or  propionitrlle,  these  solvents  were  deleted  from  further 
consideration. 

2,  Corrosion  and  Compatibility  Studies  -  Cathode  and  Anode  Materials 

The  corrosion  and  solubility  experiments  carried  out  in  the  first  quarter  bad  simply 
been  a  rapid  visual  screening  of  the  solubility  of  cupric  fluoride  in  conjunction 
with  gassing  teste  or.  lithium  ribbon.  In  these  experiments,  no' particular  care 
was  taken  in  purifying  the  electrolytes  and  thus  the  observations  could  have 
been  markedly  influenced  by  the  impurities  ?reso?n  in  the  solvents.  Since  the 
vapour  phase  chromatographic  s>;p=5riments  carried  out  with  propylene  carbonate 
had  shown  a  t’cJrly  high  level  of  imp'uities,  it  was  decided  to  repeat  the  corrosion* 
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tests  using  purified  materials. 

2.  \  Solublliiy  ot  Cur  » in  G/gantc  Electrolytes 
The  fallowing  solvents  were  chosen  for  the  investigation: 


i) 

Propylene  r.arbonate 

11) 

Acetonitrile 

111) 

Nitromathane 

iv) 

Dimethyl  sulfoxide 

v) 

Epichlorohydrln 

vl) 

Furfural 

vil) 

Acrylonitrile 

vlii) 

Propionitrile 

The  solvents  were  all  distilled  before  use,  a  middle  cut  being  taken.  Those 
solvents  with  high  boiling  points  were  distilled  under  reduced  pressure  whereas 
the  low  boiling  solvents  were  distilled  at  one  atmosphere.  The  solute  o^osen 
was  in  all  cases  lithium  perchlorate  which  had  been  vacuum  dried  for  16  hours 
at  120**C  before  use.  In  some  cases  other  solutes  were  investigated  where  it 
seemed  appropriate.  The  solutions  were  all  prepared  and  the  CuF^  was  added 
in  a  glove  box  filled  with  dry  argon.  The  flasks  were  then  shaken  periodically 
for  one  month  and  then  submitted  to  complexometric  analysis  for  total  copper. 
The  results  together  with  some  visual  observations  are  shown  In  Table  2. 

The  solubility  of  CuFj  various  electrolytes  can  all  be  seen  to  be  quite 

low  with  the  exception  of  Li  Cl  O4  in  acetonitrile  and  rukromethane  and  A1  Clj 
in  propylene  carbonate.  On  the  basis  of  these  results  one  would.expect  IM 
LiClO^  in  propylene  caibonate  or  acetonitrile  to  be  a  suitable  electrolyte. 

2, 2  Corrosion  of  Lithium  In  Organic  Electrolytes 

The  rate  of  corrosion  was  determined  as  described  previously  (4)  by  use  of 
the  special  micro  gassing  pipettes.  The  solvents  were  distilled  to  remove 
impurities  and  the  solute  was  dried  for  16  hours  at  120*C  under  vacuum.  A 
piece  of  lithium  ribbon  1  in.  by  %  in.  by  ^4  in.  was  cut  from  a  sheet  and  kept 
clean  by  Immersion  in  heavy  white  oil.  Immediately  before  use,  the  foil  was 
degreased  in  distilled  hexane  and  dried  with  facial  tissue.  The  gassing  pipet~ 
tes  were  filled  with  the  electrolyte,  the  lithium  was  added  and  the  top  replaced 
to  exclude  all  the  argon.  The  rate  of  attack  on  the  lithium  by  the  electrolytes 
was  determined  by  measuring  the  amount  of  gas  evolved  and  by  visual  inspec¬ 
tion.  The  results  are  shown  in  Figure  18. 

It  can  be  seen  that  in  general  the  rate  of  gas  evolution  is  quite  high.  With 
acetonitrile,  acrylonitrile,  propionitrile  and  epichlorohydrln  tho  rate  can  be 
considered  too  high  to  permit  their  use  in  practical  cells.  Dimethyl  sulfoxide 
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cird  f cjcv/e  rates  ’•vh:(  h  'veie  i''tet mediate  while  ritromethane  and  propy¬ 
lene  carbonate  gave  extremely  i-'w  g-'»?sJr>g  rates  with  the  lithium  remaining 
bright  for  ipwards  of  lO"*  minutes.  It  is  probable  that  only  propylene  carbonate 
and  nltromethane  are  snffioien+iv’  inert  to  be  useable  in  practical  cells. 

Ail  the  cun/es  show  the  presence  of  an.  induction  period  during  which  the 
lithium  appears  quite  stable.  If  the  evolved  gas  Is  hydrogen  this  might  simply 
be  the  length  of  time  it  takes  for  the  lithium  surface  to  become  saturated  with 
hydi'ogen  or  to  form  Li  H.  On  the  other  hard  incubation  periods  are  often  asso¬ 
ciated  with  autocatalytic  processes  in  which  the  products  catalyze  the  reaction 
(6}^  thus  giving  rise  to  a  steadily  increasing  rate  of  reaction. 

3.  Cathode  Studies 

3. 1  Cupric  FI  xioiri.  de  Cathodes 

This  quarters  work  was  contirAisd  to  improve  the  electrochemical  and  structural 
properties  of  the  hot  pressed  cathodes. 

3.1.1  Effect  of  Various  Binders  on  the  Performance 

It  had  been  thought  that  the  tvpe  of  binder  employed  in  the  fabrication  of  the 
electrodes  exerted  an  important  effect  on  their  performance.  Ihe  binder  can 
be  expected  to  influence  the  degree  of  wetting  of  the  electrode,  the  mechanical 
strength,  the  pressure  required  tc  produce  a  strong  compact  and  consequently 
the  electrochemical  properties.  We  thus  decided  to  investigate  several  binders 
in  the  hot  pressed  electrode  formulation  to  determine  their  effect  on  the  strength 
and  discharge  characteristics  of  the  electrodes.  The  binders  investigated  were 

1)  Polyvinylchloride 

ii)  Klucell  6 
lii)  Polyethylene  oxide 

Iv)  Vinyiidin.e  fluoride 

v)  Polystyrene 

Vi)  Polyvir'^lchloride  -  polyvinyl  acetate  copolymer 
vii}  Polyvinylchloride  -  polyvinyl  acetate  (28%), 
d'a.tcmaceous  earth  (?2%)  (Blend  119) 
vlii)  Teflon, 
lx)  Polyethylene 


The  binders  were  all  obtained  as  powders  and  sieved  past  a  100  mesh  standard 
sieve.  Electrodes  were  prepared  tcom  a  mix  containing 

i)  85%  CuFi  :~170  to  +  325  mesh) 

ii)  10%  Southwestern  1651  graphite  (dried  at  120®C) 
ill)  5%  binder  (-100  mesh) 
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To  ir.hi;iH  Cl ‘;nple*e  i'-f'ir’:-  the  p.  uf.-: ;-  wer«  tumbled  in  a  Fisher-Kendall 
iniKet  16  ho_-r?.<,  A-j  slv.  iriq^  e  '.c ’rode  preparation,  weighing  and  discharg¬ 
ing  was  canted  out  in  an  argon  filled  dr/  box.  The  powders  were  pressed  into 
electrodes  on  5Cu  14  2/0  Exmet  cr-pper  screen  at  a  pressure  of  4,000  lbs  per 
cn/  for  3  minutes  at  90®C.  They  were  then  given  an  overnight  soak  in  IFLICIO4 
in  propylene  carbonate  and  discharged  sgalnst.  pressed  Lithium  counter  electrodes 
in  fresh  electrolyte  at  a  current  of  50  ma  (1.7  ma  per  cm*).  The  electrode  poten¬ 
tials  were  measured  against  a  t  ilver/silver  chloride  reference  electrode  having 
a  potential  of  +  3.48  volts  with  respect  to  lithium.  The  results  are  shown  in 
Figure  19,  where  the  potentials  have  been  converted  to  the  lithium  scale  for 
easy  reference.  The  performance  in  some  cases  simply  reflects  the  degree  of 
shedding  of  the  electrodes.  For  example,  in  the  case  cf  Klucell  6,  the  active 
material  fell  off  the  grid  within  one  hour  of  open  circuit  stand.  With  the  other 
binders  shedding  occurred  during  discharge  which  is  the  usual  state  of  aHairs. 

An  estimate  was  made  of  the  amount  of  shedding  during  the  stand  and  discharge. 
This  Is  shown  below. 


Binder 

Amount  of  shedding 
on  O.C.  stand 

Aniount  of  shedding 
on  discharge 

Polyvinylchloride 

0 

8% 

Klucell  6 

95% 

not  discharged 

Polyethylene  oxide 

0 

63% 

Vinylidlne  fluoride 

0 

88% 

Polygtryrene 

0 

90% 

PVC -PVAC 

0 

80% 

Blend 

0 

75% 

Teflon 

0 

0 

Polyethylene 

0 

5% 

In  several  Instances  the  utilization  of  CuFz  exceeds  the  amount  of  material  left 
on  the  grid,  which  is  surprising,  until  cne  considers  that  the  material  does  not 
fall  off  until  It  Is  discharged.  In  fact,  dimensional  changes  during  dlechargo 
appear  to  be  the  principal  cause  of  shedding.  In  general  the  performance  was 
either  equal  to  or  worse  than  usually  obtained  with  the  standard  polyethylene 
mix.  The  result  obtained  with  Teflon  was  quite  encouraging  since  very  little 
shedding  was  observed.  Because  of  the  good  performance  obtained  with  the 
PVC-  PVAC  copolyrnsr  binder,  It  was  decided  to  investigate  this  further, 

3,1,2  F.ftect  of  Compacting  Pressure  on  ;SIectrodes  Containing 

smzismL 

It  bad  beer,  observed  that  the  performance  of  hot  pressed  electrodes  containing 
polyeth/ler.3  2<ao:?dly  affected  by  the  compacting  pressure*  It  was  decided, 
therefore,  to  Invastlgat'r  whether  this  'Aras  al«o  the  case  with  electrodes  contain¬ 
ing  PVC  -  PVAC  as  a  biudei  . 
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A  number  cf  electrodes  were  prepared  as  above  using  three  different  compacting 
pressures-  The  electrodes  were  soaked  overnight  in  IF  Li  Cl  O4  in  propylene 
carbonate  and  then  discharged  at  .1 » 7  ma  per  cm^.  The  results  are  shown  in 
Figure  20o  The  electrodes  prassed  at  4,000  lbs  per  cm*  gave  the  best  perfor¬ 
mance  as  vras  the  case  with  polyethylene  binder.  It  was  then  decided  to  inves- 
tigc\te  the  effect  of  currant  density  cn  the  electrode  performance. 

5 o  1 . 3  Effect  of  Current  Denst^”  on  Performance 

Hot  pressed  CuF  •  electrodes  were  prepared  from  a  mix  containing  55%  CuFj 
{-170  to  *2Z5  ms  ih),  10%  graphite  :SW  1651)  and  5%  PVC-  PVAC  copolymer. 

The  electrodes  were  pressed  st  4,000  lbs  per  cm*  for  3  minutes  at  90*C. 
Replicates  of  three  were  discharged  at  different  current  densities.  The  results 
aru  shewn  in  Figure  2i.  The  results  are  quite  conventional  in  that  a  decrease 
in  utilization  and  an  increase  in  pclarization  accompanies  an  increase  in  cur- 
ir^n*  density, 

3.1.4  Effect  of  Pore  Formeru  on  Perfcrmance 

■■■■■■■■■■I  Him  mim  mi  i  m  m  i  fm  mu  m  -H 

It  had  been  thought  foi  some  time  that  the  performs  r'::is  of  the  electrodes  was 
controlled  hy  tha  progressive  accuiaulnticn  of  lithium  fluoride  in  the  pores. 

It  was  ooncludod  that  if  thii  porosity  of  the  eiectrodes  could  be  increased, 
betcor  performance  should  be  obtained  due  to  prevention  of  pore  blocking. 

Two  pore  formers  were  Investtgateds  1)  Li  Cl  P4 

11)  AiCl, 

3, 1.4.1  Lithium  Perchlorate  as  a  Pore  Former 

Hoi  pressed  electrodes  were  prepared  from  a  mix  containing  82.7%  CuFa# 

8.2%  graphite,  4.1%  p-olyethylene  and  5%  lithium  perchlorate  (-100  mesh 
powder).  The  electrodes  wore  placed  in  distilled  propylone  cftihonate  to 
leach  out  the  LiC104  and  form  pores-  Electrcdas  w-tj-c  ccr.kod  for  periods 
varying  from  16  hours  to  168  hours  and  than  discharged  at  2.7  r.ia  per  cm* 
in  IF  Li  Cl  O4  In  propyJena  caibcnate.  The  resuUd  are  shown  in  Figure  22. 

It  can  be  seea  that  the  performance  won  corxtiiderably  reduced  by  this  toebr 
nique. 


3. 1.4, 2  Aluminum  Trichloride  as  a  Pore  Former 

— — WIM  .  IIIIIII  ■  4  '  I  I.  ■II— —i  ■  I  ■  I  t . 

Electrodes  were  prepared  as  above  but  wi«fc:  A0%  AlClj  as  s  poiu  former. 

The  aiuralnum  trichloride  wag  removed  by  placi^^g  the  electrodeh  in  s  vacuum 
oven  at  170*C  for  2  hours  at  20  mm  of  mercury  p.‘essure  which  »?au8ed  the  AICI5 
to  be  sublimed.  The  electrodes  were  then  discharged  as  before,  ihe  results 
are  shown  in  Figure  22,  Again  the  performance  was  adversely  offectad  by  the 
process. 
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3.1.5  Effect  of  Water  on  Electrode  Performance 


The  steps  which  have  to  be  take*'  to  er.sure  that  the  electrodes  are  completely 
anhydrous  axe  v?ry  tedious  and  It  would  conajdsrably  simplify  electrode  manu^ 
facture  If  a  little  water  could  be  tolerated.  X-ray  diffraction  studies  had  indi¬ 
cated  a  rapid  pick  up  of  water  from  the  atmosphere  by  cupric  fluoride,  and  it 
was  decided  to  Investigate  whether  electrodes  allowed  to  stand  in  air  or  dis¬ 
charged  In  electrolyte  cor':amlnated  with  water  were  able  to  function  efficiently. 

A  number  of  cupric  fluoride  electrodes  were  prepared  from  a  formulation  contain¬ 
ing  85%  CuFz,  10%  graphite  and  5%  PVC-  PVAC«  The  electrodes  were  all  pre¬ 
pared  in  a  dry  argon  atmosphere  to  exclude  water  and  then  discharged  under 
different  conditions.  Two  electrodes  were  discharged  in  the  usual  way,  two 
in  electrolyte  to  which  2%  water  had  been  added,  two  were  allowed  to  stand 
in  the  atmosphere  for  5  hours  (R.H  25%)  and  the  final  two  were  stood  in  air  of 
100%  humidity  for  3  hours.  They  were  then  discharged  at  1.7  ma  per  cm*«  The 
results  are  shown  in  Figure  23.  In  all  cases  the  presence  of  water  caused  the 
capacity  to  fall  off.  This  experiment  stresses  the  need  to  eliminate  water  from 
the  electrodes.  Although  the  conditions  of  this  experiment  were  more  severe 
than  would  normally  be  encountered  in  practice,  it  is  thought  that  the  effect 
is  sufficiently  marked  to  be  manifest  even  at  low  degrees  of  water  contamina¬ 
tion.  When  saprlc  fluoride  electrodes  are  stood  in  moist  air,  Ou?a  *  2  Ha O  is 
formed  which  has  a  larger  molar  volume  than  CuFa*  This  causes  the  active 
material  to  swell  and  close  the  pores  thus  reducing  the  diffusion  of  Ll^  to  the 
reaction  sites  and  increasing  the  polarization, 

3,1.6  Effect  of  Particle  Size 

The  cupric  fluorido  powder  as  supplied  by  Ozark- Mahonning  Inc.  consists 
of  a  email  amount  of  fine  particles  together  with  a  large  amount  of  agglome¬ 
rated  "pebbles".  In  the  past,  only  the  fine  powder  had  been  used  to  make 
electrodes  and  this  resulted  in  the  accumulation  of  a  large  quantity  of  coarse 
lumpy  material.  It  was  decided  to  grind  this  In  a  ball  mill  to  reduce  It  to  a 
fine  powder  that  could  then  be  used  for  electrode  preparation.  Tha  coarse 
cupric  fluoride  was  loaded  into  a  ceramic  mill  with  pebbles  under  a  dry  argon 
atmosphere  and  tightly  sealed  with  tape  to  prevent  exposure  to  water  ve]>oui. 
The  cupric  fluoride  was  then  ground  for  16  hours.  This  was  carried  out  in  air 
because  the  size  of  the  machinery  involved  precluded  its  use  in  a  dry  box.  A 
fine  powder  was  obtained  which  was  sieved  and  subsequently  used  to  make 
electrodea.  When  these  electrodes  were  discharged,  it  was  found  th^t  the 
polarization  was  excessively  high  and  that  the  utilization  was  only  about  one 
third  of  that  of  an  elsctmdo  made  from  ungrou^'td  powder.  A  typical  result  is 
shown  in  Figure  24  where  an  electrode  prepared  frow  ground  CuFa  is  compared 
with  mo  prepared  from  (powdsr)  as  lecelved. 

2n  ancthrr  ex.p0:rlm*»nt  cupric  fluoride  electrode!^  prepared  ^om  powder  which 
h«d  been  mecbar'^^aily  ciavod  foi  one  hour  were  comi^red  to  electrodes  pre- 
pi^rad  from  hand  slaved  cupric  fluoride  nominally  cf  the  shaie  size.  It  was 


th't  t, f-'piicdtc'l  from  hand  sieved  cupric  fluoride  gave  a 
typical  ro5>:lt  ;?2%  itilizati cn  at  1.?  ma  per  cm^}  whereas  those  prepared  from 
mecharical!'/  sieved  pr.v-dcr  gave  ordv  37%  utilization. 

It  thus  appears  as  if  the  method  of  treating  the  cupric  fluoride  is  very  critical. 
Photomicrographs  showed  that  the  cupric  fluoride  was  composed  of  flat  semi- 
transparent  crystals  together  with  a  large  number  of  very  small  fractured  bits. 
When  the  material  was  ground,  the  flat  crystals  were  broken  dovm  into  very 
small  pieces  which  then  agglomerated  to  form  clusters  of  various  sizes.  On 
sieving  this  material,  the  various  size  fractions  represented,  not  discrete 
particles,  but  agglomerates  and  it  is  conceivable  that  when  this  powder  was 
used  to  make  electrodes  the  agglomerates  were  broken  down  in  the  mixing 
operation  into  very  small  particles.  Thus,  the  electrode. performance  would 
be  independent  of  the  apparent  particle  size  produced  by  sieving.  ‘Uie  differ¬ 
ence  in  performance  between  hand  sieved  and  machine  sieved  material  probably 
Is  due  to  a  similar  effect.  The  violent  agitation  of  a  sieving  machine  is  prob¬ 
ably  sufficient  to  fracture  the  particles,  whereas  a  gentle  hand  sieving  may  not. 

It  was  thus  decided  to  investigate  more  closely  the  effect  of  the  cupric  fluoride 
pre-treatment.  We  thought  it  necessary  (if  only  for  economy)  ic  devise  methods 
of  using  the  coarse  pebbled  CuFz  and  so  this  v^as  used  in  the  experiment.  We 
also  concluded  that  sLuce  hand  sieving  is  inefficient,  better  reproducibility 
would  be  obtained  by  machine  sieving  and  this  procedure  wes  adopted  also. 

Coarse,  pe.bbled  cupric  fluoride  was  gently  broken  down  by  grinding  in  a  mortar 
and  pestle  for  five  minutes  and  then  sieved  on  a  mech  anical  shaker  for  15  min¬ 
utes  to  isolate  the  desired  fraction.  The  following  fr-actions  were  obtained 


t) 

“325  mesh 

ll) 

-170  mesh 

iti) 

-  80  mesh 

iv) 

“170  to  +  325  mesh 

v) 

80  to  ♦  325  mesh 

Samples  of  the  powders  were  submitted  to  microscopic  escamination  and  photo¬ 
graphed  rii  a  magnification  of  300.  The  photomicrographs  are  shown  in  Figure 
25.  The  results  can  be  summarized  as  follows. 


particle  Size 
(mesh) 

Total  Particle 
Size  Range 
{micrerj 

Range  of  >  50% 
of  sample 
{micron) 

Size  of  Smallest 
Particles 
(micron) 

-325 

i  -  45 

8-  30 

1-5 

-170 

1“  100 

10-  70 

1-5 

-  80 

1-200 

20-120 

1-6 

-170,  ♦325 

1-100 

30-  80 

1-5 

—  80,  ♦3?5 

1  -  200 

60-  120 

1-5 
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The  samples  consisted  of  p  -lycrostalllne  aggregates  compoeed  of  very  small 
particleso 

Electrodes  were  prepared  bv  the  standard  hot  pressing  method  &vd  discharged 
at  K7  ma  per  cm^  Jr*  IF  LiClO^  in  propylene  carbonate.  The  results  are  shown 
in  Figure  26.  All  the  results  are  quite  good  and  in  general  the  best  utilization 
is  obtained  from  those  size  fractlcns  containing  a  mixture  of  coarse  and  fine 
particles.  Extremely  high  'itllizaticn  was  obtained  from  the  electrodes  prepared 
from  -80  mesh  CuFj  but  the  polarization  was  also  quite  high.  Taking  into 
account  both  utilization  and  polarization  the  -170  menh  CuF*  gave  the  best 
result.  These  results  indicate  that  It  is  possible  to  use  the  coarse  lumpy  CuFa 
if  care  is  taken  not  to  grind  it  too  severely. 

3.1,7  Effect  of  Temperature  on  Performance  of  CuF»  Cathodes 

Cupric  fluoride  cathodes  were  discharged  at  various  temperatures  over  the 
range  0®C  to  60*C  to  determine  the  effect  of  operating  temperature  on  perfor¬ 
mance. 


3. 1,7.1  Experimental 

Cathodes  were  made  from  a  blend  of  85%  CuFa  (-170  *325  mesh),  10%  graphite, 
and  5%  Polyethylene  (-100  mesh).  Approximately  0,5  grams  of  this  blend  was 
pressed  into  one  inch  square  grids  of  5Cu  14  2/0  expanded  copper,  at  4,000 
lbs  per  cm*  for  3  minutes  at  90*C. 

The  cathodes  were  tested  in  a  glass  cell,  the  construction  and  use  of  which 
were  described  in  the  first  quarterly  report.  The  cell  was  partially  immersed 
in  a  thermostatlrsiily  controlled  water  bath,  in  which  temperature  was  main¬ 
tained  tvithin  ±  1*C  of  a  preset  temperature  in  the  range  0*C  to  60*C,  The 
«?ldc:troI^d:e  used  in  cell  testing  was  IF  LiC104  in  propylene  cad)onate.  The 
propylene  carbonate  was  dried  over  molecular  sieve  but  was  not  further  puri- 
fledo  Cathodes  were  discharged  at  1,7  ma  per  cm*  using  a  constaitt  current 
d.c.  power  supply. 

The  cathode  potentials  were  measured  against  an  Ag/AgCl  reference  electrode 
in  the  same  electrolyte,  using  a  high  impedarce  electrometer.  Discharge  was 
terminated  when  the  potential  of  the  cathode  was  “1, 5  volts  vs  the  Ag/Ag  Cl 
reference.  The  percentage  of  the  theoretical  CuFt  capacity  utilized  on  dis- 
ch&jrge  was  taken  as  a  criterion  of  performance. 

The  results  of  this  experiment  are  shown  in  Figure  27,  On  first  analysis  the 
utilization  of  CuFx  appears  to  increase  from  about  30%  at  0*C  to  60%  at  30*C, 
then  decreases  to  about  55%  at  40®C  and  finally  inorenses  again  to  about  70% 
at  60^C,  However,  results  of  recent  investigations  of  decomposition  potenr 
tlals  of  solventD  and  electrolytes  suggest  that  the  capacity  usually  ascribed 
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to  dircharne  of  CuF^,  as  represented  by  the  second  plateau  in  the  discharge 
cutve^  is  in  realty  d\e  ti-d’ic^icn  of  an  impurity  In  the  solvent.  Since  the 
electrolyte  used  was  not  purified,  this  impurity  was  present  in  this  study. 
Therefore  the  discharae  of  CuFz  is  essen^^lally  complete  after  the  first  break 
in  the  vcltage-tlme  {capacity)  cur\^e. 

A  re-analysis  of  the  above  results,  based  on  a  correction  for  the  capacity 
due  to  solvent  Impurity,  would  be  as  follows;  Utilization  of  CuFz  increases 
from  about  30%  at  0°G  t'*-  about  60%  at  30®C,  and  then  decreases,  with  further 
Increase  in  temperature  to  abou*^  50%  at  60‘*C.  The  reason  for  this  kind  of 
behavior  is  not  immedia^elv  evident,’  However,  it  may  be  that  the  propylene 
carbonate,  or  the  electrolyte  becomes  reactive  with  the  CuFj  at  elevated 
temperatures  and  results  in  a  loss  of  CuP^  coulombic  efficiency. 

3 .  2  Electroformed  CuF>  Cathodes 

As  already  stated  in  the  first  quarterly  report,  it  would  be  desirable  to  produce 
a  CuFa  electrode  with  a  minimum  of  electroohemlcally  inactive  components,  in 
order  to  increase  the  or.ergy  density  of  the  cathode.  It  was  suggested  that  this 
might  be  accomplished  by  investigations  of  methods  for  electrofcrming  CuFaon 
porous,  sintered  copper  structures.  The  results  of  initial  experiments,  report¬ 
ed  in  the  first  quarterly  report,  were  unsatisfactory,  and  further  efforts  were 
made  during  the  second  quarter.  A  search  of  the  literature  failed  to  reveal  any 
previous  Investigation  of  methods  of  electroforming  fluorides.  An  electrolyte 
containing  arsenic  trifluoride  v/as  investigated  In  an  attempt  to  anodlcally  form 
CuFi  on  copper. 


3.2.1  Experimental 

Experiments  were  conducted  using  arsenic  trifluoride,  alone  and  as  an  electro¬ 
lyse  in  propylene  carbonate  and  anhydrous  ether.  When  used  in  solution,  one 
ml  of  arsenic  trifluoride  was  added  to  5  ml  of  each  of  the  solvents  Indicated. 

Two  half  inch  square  sheer  copper  electrodes  were  Immersed  in  each  of  the 
electrolytes  tested,  and  a  current  of  2,5  ma  (1.5  ma  per  cm^  was  passed 
through  the  cell.  The  cu'rrent  was  interrupted  after  ZOmlntes,  and  the  elec¬ 
trodes  were  analyzed  by  x-ray  diffraction  to  determine  the  products  formed. 

3.2.2  Results  and  Conclusions 

The  results  of  this  test  revealed  that  CuF2  could  not  be  anodlcally  formed  on 
copper  In  any  of  the  electrchde  containing  arsenic  trifluoride.  Arsenic  was 
cathodically  formed  in  all  electrolytes  as  a  black  deposit.  It  appears  that 
arsenic  trifluoride  does  not  ionize  to  produce  the  simple  fluoride  ions  which 
are  probably  required  in  order  to  anodlcally  form  CuF*  on  metallic  copper^. 
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3.3  Bromine  Trifluoride  (BrF«^  Treatment  of  Sintered  CuO 


In  another  attempt  to  produce  a  CUF2  cathode  by  other  than  the  pressed  powder 
technique,  conversion  of  a  porous,  sintered  Cu  O  matrix  to  CuF^  was  investiga¬ 
ted.  Emeleus  and  Woolf  (6)  described  a  method  of  converting  various  oxides  to 
fluorides  by  reaction  of  the  oxides  with  BrFi*  The  process  was  reported  as  be¬ 
ing  quantitative  for  several  of  the  oxides  Investigated,  and  the  reaction  products, 
other  than  the  fluorides  formed,  were  volatile  and  easily  separated  from  the 
desired  product.  A  method  was  proposed,  whereby  a  porous,  sintered  CuO 
electrode  would  be  converted  to  CuFt  simply  by  reaction  with  BrF^  and  with  a 
minimum  of  subsequent  processing. 

3.3.1  Experimental 

Porous,  sintered  CuO  compacts  were  made,  1  in.  square  by  the  following 
method:  a)  -325  mesh  copper  powder  was  placed  in  a  die,  pressed  at  5,000 
lbs  and  the  resulting  compact  sintered  at  600*C  in  hydrogen,  fbia  produced 
a  structurally  sound,  porous  copper  plate,  b)  The  sintered  copper  was  oxidi¬ 
sed  at  670*C  andwas  found  to  be  nearly  100%  converted  to  Cu  O.  c)  The  Cu  O 
plate  was  treated  with  BtFf  by  thoroughly  wetting  the  porous  matrix  with  the 
reagent,  and  after  10  minutes  evaporating  the  excess  BrFj  on  a  hot  plate  at 
250*C.  This  procedure  was  repeated  twice.  The  specimens  were  then  submit¬ 
ted  for  x-ray  analysis. 

3.3.2  Results  and  Conclusions 

Results  of  this  experiment  revealed  that  Cif  2  was  not  produced  by  treatment 
of  Cu  O  with  Br  Fj ,  even  after  repeated  treatment  of  the  oxide  with  reagent. 

Because  of  the  hazards  involved  in  handling  Br  Fi ,  it  was  decided  to  discon¬ 
tinue  investigations  with  this  material. 

4  Anode  Studies 

This  study  was  conducted  to  develop  a  method  of  fabricating  lithium  anodes 
capable  of  1)  high  coulombic  efficiency  with  minimum  polarisation,  2)  ease  of 
fabrication  and  3)  storage  after  fabrication  with  a  minimum  lose  of  efficiency. 

Three  fabrication  techniques  were  investigated,  including  pressed  lithium,  ribbon, 
pressed  lithium  powder,  and  electrofcrmed  lithium. 

4.1  Pressed  lithium  Ribbon  Anodes 

The  material  used  in  this  phase  of  the  anode  study  was  lithium  ribbon,  0.015 
In.  thick  by  Z  in.  wide^  The  conductii^  ar.d  sui^ortlng  grid  was  expanded 
copper  designated  as  3  Cu  7  3/0.  The  grid  size  was  1  ^  In.  by  1  %  in. ,  with 
a  copper  contact  wire  spot-welded  along  one  edge.  The  lithium  was  cut  to  the 


approxlmata  lisa.of  the  grid  which  was  pressed  Ipto  the  lithium  at  i;000  lbs 
per  cm*-between  steel  plates  coated  with  petrolatum*  Ihe  exqeih  Uthiuih  was 
tiimmed  from  the  grid  and  the  electrodes  were  then  stored  in  paraffin  oil  in  a 
tightly  sealed  preserving  jar*  It  should  be  noted  that  nearly  all  of  the  work 
^  with  iMium  was  done  in  a  dry«box  under  an  argon  atmosi^ere.  Because  of 
practical  limitations  the  pressing  operation  was  performed  outside  the  dry-^box, 
but  the  operation  was  very  rapid  and  resultad  in  no  detectable  oxidation  of 
lithium* 

Anodes  were  made  by  the  pressed  ribbon  technique  for  immediate  testing  and 
for  storage  lor  various  intervals  in  paraffin  oil* 

4.1*1  Bgect  of  Current  Density  on  Performange 

Zn  one  series  of  tests  the  anodes  were  prepared  for  discharge  using  the  cleaning 
operation  described  in  the  first  quarterly  report*  This  involved  degreasing  in 
hexane^  etching  in  absolute  met^nol  and  rinsing  in  distilled  propylene  earbonatsi 

.  Zn  another  experiment  the  paraffin  oil  was  simply  wiped  from  the  eleotrode 
surfaces  using  absorbent  tissues  and  the  electrode  placed  immediately  in 
el^roiyte* 

All  half^oeli  testing  was  done  in  polypropylene  jars  of  the  type  desoi^ed'in 
^e  firlt  qtjat^ly  report*  The  anode  was  positioned,  between  two  sheet  copper 
Cathode#  allowing  a^^  in.  spacing  between  the  electrodesV*  Potentials  were 
miMitired  against  Ag/AgCl  reference  electr6des«  using  a  high  impedance 
el^iometer*  A  constant  current  d.c.  power  supply  was  used  in  all  cell  test¬ 
ing*  The  aiiodes  were  discharged  in  IF  ti  Cl  O4  in  distilled  propylene  carbon- 
ate«  at  current  densities  ranging  from  1*5  to  10  ma  per  Cm*. 

4.1*2  HftsuiU, 

The  re|sults  of  testing  pressed  lithium  ribbon  aix>des  etched  with  methanol  are 
shown  in  Figure  28.  Anode  polarisation  is  extremely  high  Initially,  but  de¬ 
creases  as  discharge  proceeds,  reaching  a  somewhat  stable  level  for  a  con- 
Sidsrable  portion  of  the  total  discharge^  and  finally  inoraasihg  rapidly  agalit 
at  termination  of  discharge*  It  ai^ars  that  increasing  gunent  density  i^m 
about  3  to  10  ma  per  cm*'doos  not  appreciably  affect  the  percent  utilisation 
of  Utlidum  which  ranged  between  55  and  60%. 

The  results  of  testing  pressed  ribbon  anodes  from  which  the  paraffin  oil  was 
removed,  bin  with  no  additional  cleaning  or  etchingi  are  shovm  In  Figure  29. 

Zn  this  series  of  curves  there  is  no  initial  high  polarisation  as  obtained  with 
methanol  etched  anodes*  The  initial,  relatively  small  polarisation  remained 
practically  constant  throughout  discharge  and  Increiased  sharply  at  the  end  of 
discharge*  !l^e  utilisation  of  lithium  ranged  from  about  7^  to  h9%  Of  the 
theoretical  capacity  over  the  range  of  current  densities  us^,  some 
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evidence  of  better  utilization  at  the  higher  current  densities.  Polarization 
•does  not  appear  to  increase  appreciably  with  increase  in  current  devieity,  at 
least  over  the  current  density  range  tested,  suggesting  that  this  tsnpe  of  anode 
may  be  capable  of  sustaining  far  greater  current  densities  with  high  efficiency. 

4.1.3  Conclusions 

A  highly  efficient  lithium  anode  can  be  fabricated  by  pressing  lithium  ribbon 
into  a  supporting  and  conducting  grid.  No  special  cleaning  or  etcl^ng.oi^ra- 
tlon  is  required  before  the  electrodes^can  bo  discharged,  and  in  fact,  .etching 
in  methatipl  appears  to  adversely  affect  the-perfonnance.  It  appears  that  a  . 
passive  film  is  fOmed  during  the  etching  operation,  possibly  a  lithium  meth~ 
oxide  film,  ^odes  stored  in  paraffin  oil  hhve  remained  bjrlght  and  cle^n,  even 
;after  weeks  of  storage,  when  proper  care  ss  taken  to  exclude  air  and  moisture 
.^m  the  container. 

4.1.4  Effect  Qf^Storaoe  on  Lithium  Electrode 

.It  is  considered  tc  be  of  prizhe  importance  that  the  electrodes  are  capable  of 
prolonged  active  stand.  If  this  can  he  achieved  the  battery  should  be  able  to 
be  stored  in  the  activated  condition  for  a  considerable  tiipe-wlthcut  much  loss 
in  capacity .  This  is  of  obvious  benefit  tO'^e  user  in  thht  ^e  battery  Is  ready 
for  service  the  instant  it  is  wairted.  -  ^ 

Three  types  of  storage  test  were  constructed  as  follows:  - 

i)  Storage  of  electrodes  in  heavy  white  oil 

ii)  Storage  of  electrodes  in  IF  Li  01 04  in  propylene  carbonate 

iii)  Storage  of  electrodes  in  cells  with  CuFi  counter  electrodes 

4. 1.4.1  Storage  of  Electrodes  in  Heavy  White  Oil 

A  number  of  pressed  foil  electrodes  prepared  as  previously  descbU^ed  were 
immersed  in  heavy  white  oil  contained  in  screw  top  jars.  The  lide  were  tightly 
sealed  and  taped  to  exclude  air  and  moisture  and  then  the  electrodes  were 
allowed  to  stand  for  the  specified  time  periods.  Periodically  the  jar  was 
opened  under  dry  argon  and  an  electrode  was  removed  for  test.  -  Excess  oil 
was  removed  from  the  surface  by  wiping  with  a  facial  tissue  and  the  electrode 
was  then  weighed  to  determine  its  active  material  weight.  A  thin  film  of  oil 
was  still  present  on  the  electrode  at  this  stage  but  since  this  did  not  appear 
to  affect  ^e  performance  no  more  refined  cleaning  methods  were  examined. 

The  electrode  was  then  discharged  at  2  ma  per  cm*  (60  laa)  in  IF  Li  Cl  O4  in 
propylene  carbonate.  So  far  electrodek  have  been  subjected  to  :twp  months 
storage.  The  results  are  shown  in  Figure  30. 

The  performance  of  the  electrodes  has  held  up  well  for  up  to  two  mozrths  storage. 
The  variation  in  the  results  is  not  considered  significant  enough  to  bo.  attributed 
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to  the  effect  cf  cto^age  since  a  5%  variaticn  in  capacity  of  identical  electrodes 
ip  i^Ot  UX1UCU^I« 


4. 1,4,  2  Storage  of  Electrodes  in  IF  Li  Cl  Oa /Propylene  Carbonate 

Since  it  was  felt  likely  that  the  main  cause  of  self  discharge  of  lith'.um  elec¬ 
trodes  in  a  cell  would  be  the  transfer  of  copper  from  the  cathode  to  the  anode, 
it  was  thought  advisable  to  determine  the  effect  of  the  alectioiyto  alone  on  the 
capacity  so  that  in  cell  work  this  could  be  separated  i.cm  the  offset  due  to  copper 
transfer. 

The  experiment  was  carried  cut  as  described  previousiy  except  the  electrodes 
were  stored  in  IF  Li  Cl  O4 /Propylene  carbon^-te  which  had  been  prepared  from 
distilled  solvent  and  vacuum  dried  salt.  This  experiment  has  only  been  under¬ 
way  for  one  month  and  thus  not  many  results  havo  been  acquired.  Ths  results 
token  to  date  are  shown  In  Figure  31. 

It  is  obvious  that  so  far  the  electrodes  remain  umffected  by  storage.  The  dif¬ 
ference  between  the  curves  it  within  experimental  error. 

4. 1.4.3  Storage  of  Electrodes  in  Cells  with  IF  Li  Cl  /Propylene 
Carbonate 

This  phase  of  the  work  has  only  Just  begun  and  wlP  be  fully  reported  in  the  next 
quarter. 


4. 2  Pressed  Lithium  Powder  Anodes 
4. 2. 1  Fabrication 

Lithium  powder  obtained  as  a  dispersion  in  hexane  (100  microns  by  down),  was 
used  ae  the  anode  material  in  this  study.  Again,  as  stated  in  section  4, 1,  all 
work,  except  electrode  pressing,  was  done  in  a  dry  argon  atmosphere. 

A  portion  of  the  dispersion  was  removed  from  the  container,  the  hexane  allowed 
to  evaporate  and  the  dry  powder  mixed  with  twice  distilled  propylene  carbonate 
to  form  a  oaste.  The  pasto  was  applied  to  a  grid  of  3  Cu  7  3/0  expanded  cop¬ 
per  with  dimensions  1  Vz  In.  by  1  %  in.  The  grid  v/as  supported  on  filter  paper 
during  the  application  of  the  paste..  The  pasted  electrode  was  then  covered  with 
another  sheet  of  filter  paper  and  pi  e^sed  between  steel  plates  at  70  Ibs/cm*. 

The  pressed  electrode  was  then  rinsed  twice  in  hexane  and  stored  In  lithium 
treated  hexane  in  a  tightly  sealed  Jar, 

4. 2. 2  Discharge  of  Pressed  Lithium  Fowdar  Anodes 

The  electrodes  were  discharged  using  the  technique  already  described  for  pres¬ 
sed  ribbon  anodes.  Before  testing,  the  anodes,  wet  with  hexane,  were  allowed 
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ir  dry  i''.  a  dry  aigcn  a'.mospherc  before  immersion  in  electrol''te.  The  elec- 
trch'te  j'sed  v'?s  IF  LlC>  Ox  in  distilled  propylene  carbonate. 

Discharge  characteristics  of  pressed  iithium  powder  anodes  arc  shown  in 
Flgui^e  3Ec  Curve  #1  shows  the  performance  of  an  anode  which  was  prepared 
for  discharge  ac  described  in  4.2o  2.  Iheie  Is  an  initial  extremely  high  polari¬ 
zation  of  about  3.0  volts,  and  then  a  rapid  decrease  to  about  1. 5  volts  after 
only  a  small  interval  of  discharge.  As  discharge  proct:eds,  polarization  again 
increases  steadily  to  terminal  voltage  after  only  dbcut  3fj5o  :d  the  lithium  has 
been  utilized. 

This  was  considered  to  be  very  unsatisfactory  performance,  especially  when 
compared  with  that  obtained  from  pressed  ribbon  anodes.  It  was  thought  that 
a  passive  oxidation  product  prevented  more  efficient  performance,  and  on  this 
basis  it  was  decided  to  attempt  to  remove  this  film  by  chemical  etching  in 
methanol.  A  pressed  lithium  powder  electrode  was  etched  in  30%  {by  volume} 
absolute  methanol  in  distilled  propylene  carbonate,  rinsed  twice  in  distilled 
propylene  carbonate  and  immersed  immediately  in -electrolyte.  The  electrode 
was  etched  for  only  ter  seconds  to  avoid  excessive  loss  of  lithium.  The  per¬ 
formance  of  an  anode  cleaned  in  this  manner  is  shown  in  curve  #  2  of  Figure  32, 
Only  a  slight  improvement  in  performance  was  obtained,  with  about  39%  utili¬ 
zation  of  lithium. 


4, 2, 3  Conclusions 


It  appears  that  the  very  fire  lithium  powder  used  in  these  experiments  oxidizes 
very  easily,  even  with  the  extreme  care  taken  to  avoid  contact  with  air  and 
moisture.  A  passive  film  is  formed  on  the  lithium  which  adversely  afiects  the 
electrochemical  utilization  at  any  practical  current  density.  Removal  of  a  part 
of  the  passive  film  by  chemical  etching  results  in  only  small  improvement  in 
performance,  and  in  any  case  appears  to  be  an  impractical  technique, 

4. 3  Electrodeposlted  Lithium  Electrodes 

Electrodes  prepared  by  electrodeposition  of  the  electroactive  material  would 
be  expected  to  have  the  properties  usually  considered  most  desirable  for  effi¬ 
cient  operation.  They  will  be  porous,  have  a  high  surface  area  and  would  be 
reasonably  assumed  to  be  electnoactlve.  It  would  thus  be  expected  that  higher 
current  densities  could  be  withdrawn  than  from  a  corresponding  pressed  foil 
electrode.  We  decided,  therefore,  to  cany  out  a  series  of  experiments  to 
determine  the  conditions  under  which  lithium  could  be  deposited  from  non- 
aqueous  solutions  and  to  determine  its  electrochemical  properties  on  subse¬ 
quent  anodic  discharge. 

4.3.1  Electrodeposition  of  Lithium 

Lithium  has  been  deposited  from  a  variety  of  organic  solutions  of  lithium  salts 
and  few  problems  exist  providing  the  decomposition  potential  of  the  solvent  is 
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greater  than  the  potential  at  which  lithium  is  depo'jited.  In  spite  of  the  ease 
c?  deposition  of  lithium  metal,  a  wide  variation  in  the  type  and  quality  of  the 
daposits  has  been  observed.  At  different  times  workers  have  reported  spongy, 
dendritic,  grainy  and  powdery  deposits.  It  was  thought  woith-v/hile,  therefore, 
to  investigate  the  types  of  deposits  produced  when  lithium  is  deposited  from 
various  electrolytes  over  a  wide  range  ot  current  densities.  The  usual  apparatus 
used  in  plating  range  tests  is  an  electrochemical  Cv^ll  of  special  design  so  that 
the  cathode  is  subjected  to  a  variable  current  density  along  its  length.  Two 
common  types  of  such  cell  are  the  Hull  (7)  and  Gibnont  (8)  cells.  In  the  Hull 
cell  the  cuirent  density  varies  in  a  non-linear  manner  along  the  cathode  ?  where¬ 
as  the  Gilmont  cell  is  sc  designed  as  to  provide  a  linear  variation  of  current 
density.  In  our  experiments  the  Hull  cell  was  used  primarily  because  it  is  far 
easier  to  make  than  the  Gilmont  cell  and  commercial  cells  were  not  avfdl&bls 
in  polypropylene.  The  cell  used  is  shown  in  Figure  33.  The  volume  ot  the  cell 
was  267  mis  which  gave  the  relationship  between  current,  current  density  and 
cathode  length  shown  in  Table  3. 

The  test  consisted  of  placing  267  i?.i  of  the  electrolyte  tr.to  the  cell  toge‘::h8r 
with  a  lithium  foil  anode  and  copper  cathode.  A  fixed  current  waa  parsed  for 
a  prescribed  length  of  time  and  than  the  cathode  was  withdrawn  and  photographed. 
Initial  screening  tests  Indicated  that  a  current  of  0. 5A  flowing  for  about  an  hour 
gave  a  deposit  suitable  for  examination.  This  was  equivalent  tc  a  variation  in 
current  density  of  0. 25  to  20  ma/cm*  along  the  cathode  lengtl..  Some  typical 
results  are  shown  in  Figures  34  and  35. 

The  panel  obtained  in  IF  110104  in  propylene  carbonate  shows  an  extremely 
uniform  deposit  over  a  wide  range  of  current  densities.  A  slightly  more  dull 
deposit  is  formed  at  the  lower  current  densities  v.;hile  a  deposit  of  higher  re¬ 
flectivity  is  formed  as  the  currem  density  is  increased.  V/lien  IF  Li  0104  in 
acetonitrile  was  used  as  the  electrolyte  a  vfidif  variation  in  the  quality  of  de¬ 
posit  was  obtained.  At  the  low  current  density  end  little  or  no  lithium  was 
deposited,  a  flaky  plate  being  produced  at  about  2  iua/cm^.  Above  4 
a  fairly  good,  very  spongy,  deposit  is  produced.  The  panel  obtained  from  di¬ 
methyl  formamide  electrolyte  shows  a  poor  deposit  which  was  yeilow-sd  due  to 
solvent  decomposition,  A  more  dilute  solution  of  Li  Cl  O4  In  propylene  carbon¬ 
ate  produced  a  spotty  deposit  at  low  current  densities  finally  yielding  a  smooth 
povrdery  deposit  at  around  2  ma/cm*.  The  deposit  obtained  in  Li  Cl  in  propylene 
carbonate  was  fairly  smooth  and  dark  shov-^ing  strlations  due  to  convective  effects. 

Since  the  best  looking  deposits  were  obtained  from  IF  LiC104  in  propylene  car¬ 
bonate,  it  was  decided  io  carry  out  some  experiments  to  determine  the  current 
efficiency  and  reproducibility  of  the  deposits.  A  number  of  copper  electrodes 
were  plated  at  5  ma/cm*  for  5  hours.  The  amount  of  lithium  was  determined  bv 
dissolving  the  deposit  in  water  and  titrating  with  r’Uute  sulphuric  acid.  It  was 
found  that  the  current  efficiency  varied  from  93  -  98%.  It  is  thought  that  the  true 
cuirent  efficiency  is  actually  100%  and  that  the  difference  between  this  and  the 
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experime^.tai  valae  reflects  the  srnail  b32ome  v^etschet’  whan 

the  electrode  is  transferred  fron  the  cell  t.c  the?  'wate:.  Thaae  results  eeened 
encouraging  so  it  was  decided  to  investigate  the  anodic  tahavlcur  of  the  ^iec- 
tredeposlted  lithium  o 

4.3.2  Discharge  of  Electrodepostted  Lithium  Anodes 

Lithium  was  deposited  cn  copper  cathodes  in  two  series  connected  cells.  One 
of  the  electrodeposlted  plates  was  discharged  immediately  in  the  same  electro¬ 
lyte,  the  other  wag  withdrawn  from  the  cell,  the  deposit  dissolved  In  water  and 
titrated  with  0.8698  N  H2SO4  to  determine  the  weight  of  lithium.  Initially  the 
electrodes  were  deposited  at  5  ma/cm^  and  discharged  at  2  na/cm^.  It  was 
found  that  the  efficiency  of  the  electrodepositlon  approached  100% ,  whereas 
when  the  electrodes  were  discharged  only  from  46-  53%  of  the  theoretical  capa¬ 
city  wa-'  obtained.  A  typical  result  is  shown  in  Figure  36, 

Whj  ihe  utilization  of  the  lithium  was  not  greater  is  not  understood.  When 
the  electrodes  were  examined  at  the  end  of  discharge  it  was  seen  that  a  con¬ 
siderable  amount,  of  lltlilum  was  still  left  on  the  electrode. 

The  deposit  obtained  at  5  ma/cm*  wos  fairly  spongy  and  so  It  was  decided  to 
repeat  the  -sxperiment  with  electrodes  deposited  at  2  ma/cm^  at  which  a  more 
dense  deposit  le  obtained.  Again  the  efficiency  of  the  deposition  was  between 
95  and  98%.  When  tne  electrodes  were  discharged  capacities  ranging  from 
51.5%  to  67,5%  of  ihe  calculated  values  were  obtained-  A  typical  result  is 
shown  in  Figure  37.  Although  the  utilization  was  slightly  better  than  that  ob¬ 
tained  ^ron  electrodes  plated  at  5  ma/cm*  the  improvement  was  only  marginal 
and  was  not  thoiight  significant  enough  to  warrent  further  examination  of  tlio 
effect  of  ouiTen2  densxty.  It  was  observed  that  the  lithium  still  present  on  the 
electrode  at  th3  end  of  discharge  was  extremely  loosely  adherent  which  perhaps 
indicates  that  the  deposit  is  becoming  detached  from  the  copper  sheet  as  it  is 
discharged. 

Some  discharges  were  performed  on  eloctrodes  where  the  lithium  had  been 
defositod  from  a  saturated  solution  of  lithium  chlcrldo  in  propylene  carbonate, 
the  efficiency  of  the  deposition  was  quite  high  ranging  from  90  to  94%  cf  the 
expected  weight  of  lithium.  However,  when  the  electrodes  were  discharged 
the  polarization  Increased  very  rapidly  and  the  electrodes  failed  within  a  few 
minutes, 

la  view  of  the  poor  performance  obtained  with  the  pressed  lithium  powder  and 
eloctrodeposited  lithium  elevtrodes,  it  was  decided  to  concentrate  future  work 
on  the  pressed  foil  tyx^e  which  have  shown  ver>*  encouraging  performance. 

5.  Separator  Studies 

It  is  thought  that  the  separator  will  play  an  important  part  in  the  development 
of  the  Li/CuFa  system  for  practical  use.  In  order  to  achieve  the  highest  energy 
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density  an  excess  of  electrolyte  cannot  be  tolerated  but  the  separator  will 
have  to  absorb  sufficieiit  electrolyte  to  allow  efficient  working  of  the  elec¬ 
trodes «  The  wetted  separator  must  have  a  low  resistance  to  avoid  excessive 
IR  losses  in  the  cell  and  lastly,  should  not  be  subject  to  attack  by  the  elec¬ 
trolyte.  It  may  also  be  necessary  that  the  separator  act  as  a  barrier  to  the 
migration  of  copper  ions  to  the  lithium  electrode  where  they  vjiU  be  discharged 
to  form  dendrites  with  subsequent  short  circuiting. 

We  decided  to  use  four  standard  screening  tests  for  the  suitability  of  a  material 
as  a  separator.  These  were; 

i)  Stability  in  the  electroiytv'^. 

li)  Absorption  of  electrolihe 

Hi)  Retention  of  absorbed  electmlyte 

iv)  Electrical  resirtance  of  wetted  separator 

5. 1  Electrolyte  Aoserption  and  Retention  Stiidies 

Compatibility  studies  carried  out  in  the  last  quarter  had  indicated  that  very  few 
plastic  materials  were  corrosion  resistant  towards  propylene  carbonate.  Among 
those  found  to  be  nert  were,  polyethylene,  polypropylene,  glass  fibre.  Teflon 
and  asbestos.  It  was  decided  to  choose  separators  first  from  this  class  of 
materials  and  Investigate  their  electrolyte  absorption  and  retention. 

The  following  materia  U  were  examined; 

I)  Webril  EM  476 

II)  Webril  SM  91 

III)  Cellophane  PUDC  193 
Iv)  Asbestos  filter  paper 

The  absorption  was  determined  by  immersing  a  weighed  sample  of  the  mateiial 
in  propylene  carbonate  for  70  hours,  holding  veitlcaliy  for  30  seconds  to  drain 
off  excess  propylene  carbonate,  and  finally  reweighing  .  The  absorption  was 
defined  as: 


A  =  Wet  weight  -  Dry  weight  x  100% 

Dry  weight 

The  retention  was  determined  by  placing  the  soaked  separator  on  a  glass  plate 
Inclined  at  45®  and  allowing  it  to  drain  for  30  minutes.  The  separator  was  then 
weighed.  The  retention  was  defined  as; 

R  =  Dyai?:ed  wet  weight  -  Dry  weight  x  100% 

Dry  weight 

The  results  are  sncwii  in  Table  4  end  are  averages  of  three  replicates. 
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The  greatest  degree  o£  electrolyte  aoaorptlon  and  retention  was  achieved  with 
the  asbestos  filter  paper.  This  has  subsequently  been  investigated  in  cells. 
This  work  is  continuing  and  will  be  reported  further  in  the  next  report. 

5,2  I^etermlnation  c-f  Separator  Resistance 

A  cell  is  presently  being  constructed  to  evaluate  the  dlectrical  reslstanc<ft  ftnd 
capacitance  of  separators,  Thts  s  cylindrical  plastic  vessel  of  polypropy¬ 
lene  and  is  shown  in  Figure  39.  The  sepa*ator  is  clamped  between  the  two 
halves  exposing  a  sepsL’-utor  area  of  i  cm"  to  the,  electrolyte.  The  cell  has  two 
pal  *8  of  electrodes.  The  wo»-kliKj  electrodes  are  discs  of  platbilzeu  plati¬ 
num  mesh  irhich  are  welded  to  platinum  wire  Ie?da.  Two  platinized  platinum 
wires,  one  in  each  cell  socwicn  serve  as  voltage  eleotmdaid»  They  are  located 
80  that  the  center  of  the  wire  Is  0,C,50  in,  from  the  separator. 

A  WayxiC"Kerr  No.  B~222  A.-C  impedance  bridge  with  low  impedarxie  adaptor  is 
used  to  measure  the  real  and  reactive  components  oi  the  separator  resirtance 
by  the  use  cl  a  four  terminal  method.  The  adaptor  is  required  to  extend  the 
range  of  the  bridge  to  the  vary  low  values  of  electrical  ro8ista;r.cu  which  are  a 
necessary  char«cterl«tlc  of  a  useful  separator. 

The  resistauce  of  thss  separator  is  loutid  by  tha  formula 

-  R,  Rq 

Vfhois  Rg  *  separator  resistanoo 

Rt  *  total  resistance 
Ro  »  cell  resistance 

The  capacitance  iti  calculated  from 

_L  m-L  '-A. 

Cs  Ct  Co 

Where  the  subscripts  have  the  meaning  given  alxive,  the  specific  resistivity  of 
the  separator  is  obtained  from 


P 


b 


chm-om 


Where 


a  exposed  area  cm* 
b  m  thickness  cm 

At  the  present  time  the  cell  is  still  under  construction  and  will  be  tested  and 
used  in  the  next  quarter. 
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6 .  Lithium  ’  Cupric  Fluoride  Cells 

After  a  satisfactory  level  of  performance  was  obtained  with  lithium  and  cupric 
fluoride  electrodes,  as  determined  from  half  cell  studies,  it  wa  decided  to  build 
and  test  small  Li'-  CuFz  cells  of  compact  design.  This  was  done  to  study  the 
compatibility  of  the  cell  components,  and  to  determine  if  individual  electrodes 
pe.iorm  as  well  as  they  do  in  half  cells,  in  a  configuration  requiring  closely 
spaced  elements  and  a  minimum  electrolyte  volume. 

6.1  Cell  Fabrication  -  General 

The  electrode  size  rema  ed  as  already  desctLbed,  i  in.  by  1  %  in.,  for  anodes 
and  cathodes.  The  oells  were  made  with  two  anodes  and  one  cathode,  with  the 
total  theoretical  capclty  of  the  anodes  more  than  twice  that  of  the  cathodes. 

This  construction  causos  tha  cell  perfonnance  to  be  limited  by  the  cathodes, 
and  was  intended  as  a  method  of  evaluating  the  performar.ee  of  the  CuFa  cathode, 
the  less  efficient  of  the  two  electrodes.  By  design  then,  the  compact  cell  was 
used  to  further  evaluate  cathodes,  as  well  as  to  determine  the  compatibility  of 
tltia  various  cell  components. 

The  separator  material  used  in  the  original  work  was  15  mil  asbestos  filter  paper. 
At  first,  only  one  thickness  of  separator  was  used,  but  was  increased  to  two 
tltlcknesses  when  test  results  indicated  the  need  for  thicker  insulation.  A  rec¬ 
tangular  piece  of  asbestos  paper,  1  %  in.  by  4  Vx  in. ,  was  folded  Ir.  half  along 
its  length,  and  a  cathode  was  positioned  in  the  fold.  This  assembly  was  then 
sandwiched  between  the  anodes,  and  the  element  was  inserted  into  a  polypropy¬ 
lene  jar  with  inside  dimensions  1  %  in.  by  2  Vz  in.  by  0.40  in.  Polypropylene 
and  polyethylene  spacers  were  used  to  produce  a  compact  cell,  with  a  minimum 
of  spaclrtg  between  adjacent  elements. 

A  small  hole,  drilled  in  the  jar  wall,  connected  the  cell  and  refareruse  electrode 
compartrsents,  and  functioned  as  a  Luggln  capillary.  The  capillary  opening  in 
the  cell  compartment  was  within  In.  of  the  electrode  echoes*  A  Ag/AgCI 
refeiance  electrode  was  used  to  measure  anode  and  cathode  potentials. 

All  of  the  anodes  used  in  cell  testing  were  of  the  pressed  ribbon  type  described 
jn  section  4. 1  of  this  report.  The  anode  grid  weight  was  about  0. 54  grams  and 
the  lithium  metal  weight  averaged  0. 27  grams/electrode,  with  a  theoretical  capa¬ 
city  ox  1.0  A.  H* 

6. 1 . 1  Fabrication  and  Testing  of  Cells  No.  1  and  2 

The  cathodes  used  in  cells  No.  1  and  2  were  of  the  hot-pressed  type,  made  by 
the  technique  described  in  the  first  quarterly  report  and  were  pressed  at  4,000 
lbs  per  A  cathode  blend  of  85%  CuFx  {-170  325  mesh),  10%  graphite  and 
5%  PVC-  PVAC  copolymer  was  used.  A  grid  of  5  Cu  14  2/0  expanded  copper. 
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weighing  about  0.  92  grams  was  used  In  cathode  fabricatloii.  The  total  weight 
of  blend  per  electrode  averaged  i.80  grams,  containing  1. 53  grams  of  CuFi 
with  a  theoretical  capacity  of  0,80  A.H. 

The  cells  were  assembled  as  described  in  section  6.1,  usli^  one  thiclcness 
of  separator,  and  filled  with  about  10  ml  of  IF  LiCl04  in  distilled  propylene 
carbonate.  They  were  then  discharged  at  50  ma  {1,7  ma/cm*)  using  a  con¬ 
stant  current  d.c.  power  supply, 

1,1.2  Results 

Tlie  test  results  for  cells  No,  1  and  2  are  shown  in  Figuro  39.  Only  about  14 
to  1 6%  of  the  CuFx  was  utilised  In  this  test,  the  performance  being  limited  by 
the  cathodes.  The  anode  potential  remained  nearly  constant  at  about  0.5  vr/ito 
vs  Li/Ll ^  throughout  the  discharge. 

It  was  found  that  the  OuFa  blend  used  at  this  time  was  performing  at  for  below 
the  expected  level,  in  half  cell  testing.  After  a  thorough  investigation,  it 
was  found  that  the  average  particle  5ize  of  the  CuFa  powder  was  a  critical 
factor.  This  was  brought  under  co7!trol  and  a  new  cupric  fluoride  blend  was 
used  to  fabricate  cathodes  for  additional  cell  testing, 

6,1,2  Fabrication  and  Testing  of  Cells  No.  3  and  4 

A  cupric  fluoride  blend  was  used  containing  CuFa  powder  with  an  average  par¬ 
ticle  size  smaller  than  that  used  in  the  first  cells.  The  new  blend  was  made 
with  85%  CuTa  {-170  ♦  325  mesh),  10%  graphite,  and  5%  Polyethylene  {-100 
mesh).  The  use  of  polyethylene  as  a  bin^r  was  a  variation  in  cot'sposiUon 
but  this  had  been  found  to  produce  very  little  difference  in  cathode  performance 
as  compared  to  the  use  of  PVC-  PVAC  binder.  The  cathodes  were  pressed  at 
4,000  lbs  per  cm*  for  3  minutes  at  90*C.  The  cells  were  aesembled  wtth  rrne 
tliickness  of  separator  as  described  for  cells  No,  1  and  2.  Approximately  10 
mis  of  IF  Li  Cl  O4  in  distilled  propylene  carbonate  were  used  in  each  cell.  The 
cells  were  discharged  at  50  ma  (1,5/cm*;. 

6.1. 2,1  Results 

The  performance  characteristics  of  ceils  Noc  3  and  4  are  shown  In  Figure  40. 
The  utilization  of  CuFj  ranged  from  about  34  to  62%,  Again  the  cathodes  were 
th^  performance  limiting  electrode  with  considerable  vbr^'^tlon  in  efficiency. 
Anode  performance  was  excellent  with  only  about  50  mv  polarization  through¬ 
out  the  discharge. 

Although  cells  No.  3  and  4  performed  with  2  to  4  times  the  efficiency  of  cells 
No.  1  and  Z:  there  was  too  great  a  variation  in  cathode  officlency,  and  further 
efforts  were  required  to  determine  the  cause  of  this  behaviour.  It  should  be 


-27 


ineiitiontid  that  cathod<-j:'  with  identical  ccnstr-ictlon  revealed  the  same  varl- 
ability  when  tested  In  half  cells,  and  with  performance  almost  Identical  to 
that  cbtained  from  Cvathodes  in  cells  No,  3  and  4. 

It  was  aeclded  to  re-evabtate  the  effect  of  compacting  pressure  on  performance 
of  CuF2  cathodes, 

6 . 1  c  3  Evaluation  of  the  Effect  of  Cathode  Compacting  Pressure 
on  Performance 

All  of  the  electrode  testing,  until  the  last  half  of  the  F.econd  quarter  on  this 
contract,  was  done  in  half  cells ^  This  technique  required  that  the  electrodes 
be  structurally  sound,  with  a  minimum  cf  sh^sddlng  of  active  material  during 
discharge,  in  order  to  properly  evalr.ate  performance.  Therefore,  It  was 
necessan'  to  compact  cathodes  at  press*:res  of  about  4,000  lbs  per  cm*  before 
active  matorlai,  erosion  was  controlled.  However,  the  real  effect  of  compact¬ 
ing  pressur-es  could  not  be  determined  over  a  v/ide  range  of  pressures,  and 
especially  at  very  low  pressures,  where  erosion  was  extreme.  It  was  decided 
to  re-evaiuate  the  effect  of  comparttng  pressures  on  cathode  performance  by 
to*?ting  the  electrodes  in  a  cell  designed  to  reduce  active  material  erosion  to 
a  mlnitnum.  The  cell  construction  described  in  section  6. 1  was  considered 
satisfactory  for  the  work, 

b,l,3.i  Cell  Construction  ar.d  Testing 

Cathodes  were  made  with  CuF*  powder  of  *-170  mesh,  in  a  blend  containing 
85%  CuF*.  10%  giaphite  and  5%  Polyethylene  powder  (-.100  mesh).  All  cathodes 
were  pressed  at  90'’G  for  3  minutes  with  compacting  pressures  as  follows: 

Colls  11  and  12  -  4,000  lbs  per  cm* 

Cells  19  and  20  -  2,000  lbs  per  cm* 

Cells  1?  and  18  -  500  lbs  per  cm* 

A  variation  iu  jftll  construction  aa  rompareu  cells  No.  i-4  v/as  that  two 
thicknesses  of  15  mii  esho.stos  flltei  paper -.vere  used  as  insulation. 

The  cfilis  were  filled  with  vabout  10  ml  <-'f  IF  LICIC4  in  distilled  propylene 
caibonate  and  discharged  at  50  ma  (1.7  ma/cm^* 

6.1o3.2  Re  suit  fe 

Tho  effect  of  compacting  rre-^iae  on  cathode  performance  Is  shown  In  Figure 
41,  Percent  cdlUzation  of  OuFi  increased  from  about  40%  (average)  at  4,000 
lbs  per  cm'  to  about  80%  at  590  IbiH  per  cm*,  an  Increase  In  performance  of 
i00%. 

In  addition,  h  reduction  in  cathode  compacting  pressure  appeared  to  effect  an 
Improvement  In  reproducibility  of  cathode  performance. 
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In  Figure  42,  cell  vclt^ge  vs  percent  CuFj  utilized  is  shown.  From  this  set  of 
curves  the  energy  density  (watt  hour=/lb}  was  calculated.  In  these  calculations 
the  energy  density  v/as  based  1}  on  the  weight  of  active  materials  consumed  in 
the  reaction  only,  and  2}  on.  the  total  material  on  the  three  electrodes,  except 
grid  weights.  The  weight  of  separation,  electrolyte  and  jar  are  also  excluded. 
The  results  wera  as  follows  and  are  averages  of  performance  of  paired  cells; 

Energy  Density  (watt  hours/lb) 

_ _ Active  Mat‘ls  Consumed  Total  Electrode  Mat*l 

Cells  No,  11  and  12  526  157 

Cells  No,  17  and  18  605  370 

From  a  practical  viewpoint  the  results  shown  In  the  last  column  are  of  most  inter¬ 
est,  and  show  that  an  Increase  of  more  than  100%  in  energy  density  was  obtained 
by  reduction  in  cathode  compacting  pressure  from  4,000  to  000  lbs  per  cm*- 

Thls  study  has  revealed  that,  contrary  to  earlier  findings*  iow  compacting  pres¬ 
sures  yield  cathodes  with  far  better  performance  than  thot»e  formed  at  high  pres¬ 
sures.  The  Important  factor  in  this  investigation  was  the  method  of  cathode 
testing,  in  which  a  compact  cell  design  was  used  to  avoid  the  erosion  of  cathode 
material,  which  precluded  proper  evaluation  in  half  cell  testing. 

The  fact  that  perfonnance  improves  os  the  compacting  pressure  is  reduced,  sug¬ 
gests  that  electrolyte  diffusion,  and  consequently  concentration  polarization, 
are  Important  factors  in  cathode  perfonnance.  In  tightly  compacted  structures 
the  pore  size  is  probably  much  smaller  than  that  obtaincxi  in  a  loosely  compacted 
electrode.  Therefore,  better  electrolyte  diffusion  and  thereby  less  concentration 
polarization  is  to  be  expected  in  a  loosely  as  compared  to  a  tightly  compacted 
cathode. 


6.1.4  Evaluatio!:  of  Sulfur  Additive  in  CuF*  Cathodes 

1 

An  Investigation  by  Amlie  and  Kuetschi  (9)  revealed  that  both  the  operating  poten¬ 
tial  and  coulombic  efficiency  of  cuprous  chloride  cathodes  were  appreciably 
Improved  by  the  addition  of  small  amounts  of  sulfur  to  the  cuprous  chloride.  In 
an  attempt  to  further  improve  the  operating  characteristic  of  ^e  CuFj  cathode, 
it  was  decided  to  investigate  the  effect  of  tha  addition  of  sulfur. 

6. 1.4.1  Experimental 

A  blend  containing  87%  CuFi  (-170  4>325  mesh),  8*7%  graphitfe^  and  4>3%  Poly¬ 
ethylene  (-100  mesh),  was  used  as  a  basic  cathode  material  in  this  stud/.  Pre¬ 
cipitated  sulfur  powder  was  added  to  this  blend  to  yield  a  mixture  containing 
85.3%  CuFxf  8.5%  graphite,  1.2%  Polyethylene  and  2%  sulfur.  Electrodes  were 
pressed  at  4,000  lbs  per  cm*  at  90*C  for  3  minutes.  Control  electrodes  were 
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made  with  the  first  mentioned  blend  {no  sulfur)  and  were  fabricated  in  the  same 
manner  as  the  sulfur  bearing  cathodes o 

Cells  were  built  using  the  construction  technique  described  in  section  6, 1  with 
one  thickness  of  15  mil  asbestos  as  insuiatlonc  The  cells  were  filled  with  10 
ml  of  IF  LICIO4  in  distilled  propylene  carbonate  and  discharged  at  1,7  ma/cm’, 

6. 1.4, 2  Results 


The  characteristics  of  sulfur  bearing  and  sulfur-free  CuFi  cathodes  are  compared 
In  Figure  43.  There  appears  to  be  better  reproducibility  of  performance  with 
cathodes  containing  sulfur  than  with  sulfur~free  cathodes.  However,  If  the 
best  sulfuT'-fiee  cathode  Is  compared  with  both  sulfur  bearing  cathodes,  there 
doe;-  not  appear  to  be  a  sufficient  difference  in  either  operating  potential  or 
CuFj  efficiency  to  justify  a  conclusion  as  to  the  overall  effect  sulfur. 

Another  characteristic  immediately  seen  is  the  step-wise  increase  in  polariza¬ 
tion  with  sulfur  bearing  cathodes,  as  compared  to  the  steadily  increasing  polari¬ 
zation  obtained  with  sulfun-free  cathodes.  It  appears  that  the  sulfur,  and  its 
decomposition  products  in  this  system,  are  being  reduced  at  different  potentials 
depen^ng  on  their  respective  decomposition  potentials.  There  is  evidence  of 
reactivity  of  the  sulfur  In  this  system,  as  revealed  by  the  strong  odor,  some¬ 
what  like  that  of  mercaptar.s,  given  off  by  the  electrolyte  after  test. 

6,1,5  Effect  cf  Sulfur  Addition  to  Lightly  Compacted  Electrodes 

An  experiment  was  conducted  to  further  evaluate  the  effect  of  sulfur  additive 
on  the  performance  of  CuFj  cathodes.  In  this  test  the  cathode  was  pressed  at 
500  lbs  per  cm*  rather  than  at  4,000  lbs  per  cm*  as  in  the  previous  test.  In 
cathodes  with  no  sulfur  addition,  the  best  performance  thus  far  has  been  obtained 
bv  compacting  at  500  lbs  per  cm*.  Also,  reproducibility  of  performance  appeared 
to  be  better  at  low  pressures.  Therefore,  a  more  reliable  evaluation  of  the  effect 
of  sulfur  was  expected  in  a  cathode  pressed  at  500  lbs  per  cm*  rather  than  4, 000 
lbs  per  cm*. 

6. 1.5.1  Experimental 

The  cathode  blend,  containing  2%  sulfur  was  the  same  as  that  described  in  section 
6. 1.4. 1.  The  cathode  was  fabricated  by  pressing  at  500  lbs  per  cm*  for  3  minutes 
at  90 *0. 

Cell  fabrication  was  as  described  In  6, 1.4. 1  except  that  two  thicknesses  of  15 
mil  asbestos  separator  were  used. 

The  cell  was  filled  with  10  ml  cf  IF  Li  Cl  O4  in  distilled  propylene  carbonate  and 
discharged  at  1, 5  ma  per  cm*. 
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6.1.5. 2 

The  of  this  test  are  .shc’A'r'.  i*i  Fiqiire  44  /.’herein  the  performance  of  a 

CuF2‘“  S  cathode  1*5  compared  with  ^hat  obtained  from  contro}  cathodes. 

The  percent  utilization  of  CuFz  appears  to  be  about  the  same  for  both  types 
of  cathode.  The  open  circuit  poten*^ial  was  about  0,  2  volts  higher  with  CuFi 
sulfur  cathodes.  The  discharge  potential,  for  about  10%  of  the  discharge, 
was  also  higher  with  CuF^-  S  cathodes.  As  already  shown  In  tlie  pievious 
experiment  with  sulfur  in  CuFs-  the  potential  of  the  CuTx"  S  cathodes  decreased 
in  a  step-wiae  manner  near  the  end  of  discharge,  as  compared  v;lth  a  steadily 
decreasing  potential  of  control  cathodes, 

6. 1.5. 3  Conclusions 

The  addition  of  a  small  amount  of  sulfur  to  the  CuF*  cathode  appears  to  increase 
open  circuit  potential  by  about  0, 2  volts  ac  compared  to  C’JFj  alone.  This 
improvement  in  cathode  potential  prtrsiits,  but  fc'r  only  e  small  Ivsterval,  on 
discharge.  There  appears  to  be  ao  significant  effect  on  percent  utilization  of 
CuFa  due  to  the  addition  of  sulfur. 

6.1.6  Evsiuatlon  of  CoFv  as  a  Cathode  Material 

Cobalt  trlfluotide  {CoFj)  was  investigated  as  a  cathode  material  In  the 
quarter,  but  as  indicated  In  the  first  il.e  parfonnarcij  v:as 

unsatisfactory.  Only  about  20%  utilization  of  tlxe  CoVj  in  an  electrode  was 
obtained  and  opemting  voltages  were  much  lower  than  those  obtained  with  CuFa* 
However,  It  waa  thouglit  that  cathode  fabrication  technique  or  electrolyte  sol¬ 
vent  impurity  may  have  influenced  these  results.  It  was  indicated  therefore, 
that  further  work  would  be  done  with  OoFjo 

6. 1.6.1  Experimental 

A  CoFj  cathode  was  made  using  a  blend  composed  of  86.9%  CoF»  (-170  *325 
mesh),  8.7%  graphite,  and  4,4%  Teflon  powder  (7x).  In  this  fabrication  the 
cathode  was  pressed  at  500  lbs  per  cm^  and  at  room  temperature,  rather  than 
90* C  as  with  CuFi  cathodes.  Heat  was  avoided  when  it  was  found,  in  previous 
tests,  that  at  elevated  temperature  the  CoFs  reacted  with  the  release  paper 
used  in  the  pressing  operation.  Teflon  was  used  in  the  cathode  blend  since 
it  has  the  characteristic  of  functioning  as  a  binder  simply  by  application  of 
pressure,  and  does  not  require  he.at  as  do  the  thermoplastic  material  used  in 
the  CuFi  cathodes, 

A  cell  was  built  using  the  construction  described  in  section  6. 1  and  with  two 
thicknesses  of  15  mil  asbestos  separator.  The  cell  was  filled  with  10  ml  of 
IF  LiC104  in  distilled  propylene  carbonate  and  discharged  at  50  ma  (1.7  ma 
per  cm*). 
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6. 1.6.2  Results 


The  performance  of  a  cell  with  a  CoF|  cathode  is  shown  in  Figure  45.  Cell 
performance  was  limited  by  the  cathods  which  yielded  only  about  35%  of  its 
theoretical  capacity.  The  voltage  characteristics  of  the  cathode  dlso  were 
very  unsatisfactory  with  a  high  polarization  from  open  circuit  potential  almost 
immediately  after  the  start  of  discharge. 

6.1.6. 3  Conclusions 

Cobalt  tilfluoride  has  not  been  found  to  be  a  satisfactory  cathode  material  in 
th.  investigations  thus  far  conducted,  showing  a  low  coulotobic  efficiency  and 
high  polarization  under  load. 

6,2  Effect  of  Activated  Storaga  on  Cell  Performanoe 

A  number  of  cells  comprising  two  lithium  eleotrodee  and  one  cuprio  fluoride 
electrode  were  assembled  using  asbestos  filter  paper  separator.  The  cells 
were  primed  with  IF  LiC104  in  propyiene  carbonate, 'entrapped  argon  removed 
by  suction  and  stored  in  argon  filled  desiccators  for  various  periods  of  time. 
The  lithium  electrodes  were  prepared  by  the  pressed  foil  technique  and  the 
cupric  fluoride  electrode  was  prepared  by  hot  pressing  at  4,000  lbs  per  cm* 
for  3  minutes  at  90*C,  a  mixture  of  85%  CuFa»  10%  graphite  and  5%  polyethy- 
Una. 

'i^e  first  test  Involved  standing  two  cells  overnight  (26  hrs)  that  contained  one 
thicknt^^a  of  asbestos  paper  as  the  separator.  They  were  then  Inspected  and 
dischdrged  !Lt  50  ma  (1,7  ma/om^.  During  the  night  the  average  cell  E.M.F* 
had  dropped  from  3. 50  volts  to  2.90  volts.  On  inspeotion,  it  was  seen  that 
the  surface  of  the  OuFa  electrodes  had  been  reduced  to  copper  and  that  numer^ 
ous  deudritas  of  cop,:er  had  penetrated  the  separator.  The  lithium  elcxrtrode 
had  a  sligh;  coppery  sheen  indicating  that  dissolved  CuF^  from  the  positive 
electrode  had  beer,  galvanically  reduced  by  the  lithium.  The  performance  of 
the  cells  on  dlacharge  was  poor,  the  cupric  fluodde  electrode  failing  after 
only  31.6%  of  its  nominal  capacity.  It  decided  to  Increase  the  amount 
of  separator  from  one  to  two  thlcknei»sos  in  the  hop^  of  d^vlaying  the  dendrite 
formation.  A  group  of  cells  was  assembled  as  before  ar^d  stocc  for  various 
periods  of  time.  tDrey  were  then  discharged  at  50  ma,  the  individual  electrode 
potentials  being  measured  with  respect  to  a  Ag/Ag  Cl  reference  eloctrode.  The 
results  are  shown  in  Table  5. 

Both  electrodes  appear  to  have  suffered  from  the  activated  stand.  The  lithium 
electrodes  show  an  initial  increase  in  polarization  and  after  a  time  sts?\  to 
cover.  This  is  presumably  due  to  removal  of  a  thin  film  of  cop;^i<r  wliloh  has 
formed  on  the  electrode  during  stand.  The  cupnc  fluoride  electrodes  show  a 
progressive  decline  in  peiformance  until  complete  failure  has  occurred  after 
seven  days  activated  stand. 
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i.a6  vv)cie  c-pcaeJ  f.'i  ir„->pfeo!:Lop  before  and  after  discharge.  After  one 

aay  ui  s.oMye  the  CuF;  electrodes  n^d  small  spots  of  copper  present  on  the 
suiidce  diid  thei'o  Were  a  few  copper  dendrites  growing  through  the  separator. 
The  appearance  of  ceiJs  after  tWvD  days  storage  was  very  similar  to  the  above. 

A  considerable  amourj  cf  self  discharge  had  taken  place  in  the  cells  which 
had  been  stored  for  o  te  week.  The  CuF^  electrodes  were  completely  covered 
^vith  copper  on  the  surface  and  nurneious  dendrites  could  be  seen  penetrating 
the  sepal ator.  The  Uthium  electrodes  were  covered  with  black  patchy  deposits 
which  aiay  have  been  finely  divided  copper.  From  evidence  of  these  results  It 
thus  seemi  that  a  simple  porous  hanier  will  not  suffice  to  allow  an  activated 
stand  of  any  appreciable  time.  Celluloslc  separators,  such  as  cellophane  or 
Vlscon,  which  react  vt/ith  coppe?’  may  be  required.  It  may  be  possible  to  add 
a  oomplexing  agent  or  precipitating  agent  to  the  separator  to  prevent  copper 
being  transferred  to  tlie  lithium  electrode. 


LIST  OF  MATERIALS  AND  SUPPLIERS 


CuFj/  e.nhvdrou? 
CoFj^  arJhydrouP 

LiCl04,  anhydrous 

Propyl ane  Carbonate 

Formamlde,  99% 


Ozark-Mahoning  Co. 

II  ,  ,  II  II 

G.  FrederlOk  Smith  Co. 

Eastman  Organic  Chemicals 
Jefferson  Chemical  Co. 

Matheson,  Coleman  &  Bell 


AlClj,  anhydrous 

Fisher  certified  - 

Fisher  Scientific  Co. 

Li  Cl 

it  II 

It 

II 

II 

Ethanolamlne 

11  II 

II 

It 

tl 

N  -  Methyl  Formamida 

Highest  Purity 

II 

II 

II 

Methyl  Thiocyanate 

II  I* 

II 

II 

II 

Ethylene  Dichloride 

Fisher  certified 

It 

tl 

II 

Ethylene  Dipropionate 

It  II 

II 

II 

It 

Acrylonitrile 

IS  11 

19 

II 

It 

Propionltrlle 

Highest  Purity 

11 

II 

II 

Acetonitrile 

Fisher  certified 

H 

It 

19 

Nitromethane 

II  n 

II 

II 

II 

Dimethyl  Sulfoxide 

II  It 

n 

II 

If 

Eplchlorohydrln 

n  It 

II 

II 

II 

Furfural 

91  It 

II 

H 

II 

Molecular  Sieve,  Linde  #5A 

n 

M 

II 

Calcium  Oxide 

Fisher  certified 

H 

H 

II 

Olllca ,  Floated  P.?^'der 

■  _ 

II 

H 

II 

Kthi»5r,  anhydrous 

Fisher  certified 

H 

U 

II 

N- Hexane 

«  H 

l( 

It 

a 

Methanol 

N  H 

K 

N 
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LIST  OF  MATERIALS  AND  SUPPLIERS  (confd) 


Paraffin  OH 
Petrolatum 

Sulfur,  Precipitated,  U.S.P- 

Lithium  Ribbon 
Lithium  Disperaiuii 

Graphite,  MicronUed' 

Teflon  Pc'.vder  f  7x 

Arsenic  Trifluoride 

Bromine  Trifluoride 

Webril  EM476 
Webril  SM91 

Cellophane  PUDO  193 

Asbestos  Filter  Paper 

Polyethylene  Powder 

Polyvinyl  Chloride  Powder 

Xlucel  6  Powder 

Polyethylene  Oxide  Powder 

Vlnylldene  Fluoride  Pov’der 

Polystyrene  Powder 

PVC  -  PVAC  Copolymer  Powder 
Type  VYHK 


Fisher  Scientific  Co. 

M  M  II 

J.  T.  Bakftr  Chemical  Co. 
Foote  Mi*:aral  Co. 

II  «  n 

Southwestern  #  1 6  5  \ 

DuPont  Co. 

K  4  K  Laboratories 
Matheson  Co. 

Kendall  Mills  Co. 

H  «  H 

Du  Pont  Co. 

Raybestos  -  Manhattan 
U.S.I.  Chemicals 
Naugatuck 
Hercules  Powder  Co. 

Union  Cart>ide  Chemical  Co 
Pennsalt  Co. 

Koppers  Co. 

Union  Carbide  Chemical  Co 
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TABLE  I 


Non  Aqueous  Solvents 


Sc  Ivent 

Formula 

Dielectric 

Constant 

Viscosity 

(centipoise) 

Density 

(g/cc) 

Formamide 

H-CO-NHz 

111.5 

3.76 

1.1334 

Ethylene  dichlortde 

CICH2  •  CH2CI 

10.23 

0.78 

1.28034 

Ethanolamine 

H2N  •  CH2  *  CH2OH 

37.72 

19.346 

1.022 

N- methyl  formamide 

H  •  CO  •  NH  ♦  CH3 

182.4 

1.65 

1.011 

Epichlorohydrin 

CH - CH-CH2CI 

\  / 

0 

22.9 

1.031 

1.1801 

Propionitrile 

CH3-CH2-CN 

27.7 

0.413 

0.7770 

Furfural 

’  1 

41.9 

1.49 

1.1594 

'  CH  0 

0 

Glycolic  Nitrile 

H0-CH2>CN 

69 

— 

Methyl  thiocyanate 

CH3  CNS 

35.9 

— 

1.0765 

Acryk  itrile 

CH2  =  CHCN 

30 

— 

0.8060 

Propylene  carbonate 

CH3-CH—  CHz 

64.4 

2.20 

1.0610 

c 

li 

o 


TABLE 


Soiution 

Total  Cu'"" 
(gm/l) 

Equivalent  CuF 
(gm/l) 

2  Visual  Observations 

Piopylene  carbonate 

0.0C012 

0.000192 

Solution  colorless 

Prop.  carbonate/Li  Cl  O4 

C.003 

0.0048 

Very  pale  green 

Prop.  carbonate/lF  A1 CI3 

0.0C5 

0.0080 

Dark  browi 

Nitromethane 

0.00046 

0.000735 

pale  green 

Nitrom ethane  IF  Li  Cl  O. 

O.OC96 

0.0J535 

Emerald  green 

Acetonitrile 

0.00017 

0.000272 

Colorless 

Acetonitrile/ IF  LiC104 

0.  0021 

0.00336 

Very  pale  green 

Acetonitrile/lF  KCNS 

O.OlOd 

0.0163 

Red  solution 

Acetonitrile/lF  AICI3 

0.0100 

0.0160 

Pale  green 

Dimethyl  sulfoxide 

none  found 

— 

Colorless 

DMSO/IF  LiClO^ 

0.0062 

0.00991 

Very  pale  green 

Furfural 

0.0006 

0.00096 

pale  brown 

Furfural/1  F  Li  CIO4 

-- 

Solution  polymerized 

Epichlorchydrin 

0.UC014 

0.000224 

Very  pale  green 

Epichlorohydrir./2F  LiC104 

0.0092 

0.C147 

Dark  brown 

Epichlorohydrin/lF  Mg(CI  O4), 

2 

— — 

Solution  exploded 

Acrylonitrile/lM  Li  Cl  O4 

— 

— 

Solution  polymerized 

Propionitrile/lF  Li  Ci  O4 

0. 135 

0.216 

Solution  deep  blue 

TABLE  3 


ns 


zed 


zed 

e 


Hull  Cell  Currant  Dersity  Scale 


TABLE  4 


Absorption  and  Retention  of  Propylene  Carbonate  by  Separators 


Separator 

Absorption  % 

Retention  % 

R/A% 

Webi'll  EM  476 

205 

133.7 

65.2 

Webril  SM  91 

150 

116 

77.6 

Asbestos  filter  paper 

988 

908 

91.9 

Cellophane  PUDO  193 

133 

29 

22.0 

TABLE  5 


Effect  of  Storage  on  Performance  of  Lithlum/Cuprlc  Fluoride  Cells 


Time 


Results  after  Specified  Storage  Period  (Days 
1  day  2  days 


i 


7  days 


Cell 

Volts 

Li  elec. 

CuF2  elec. 

Cell 

Volts 

Li  elec. 

CuFz  elec. 

Cell 

Volts 

Li  elec. 

CuFz  elec. 

o.c.v 

Initial 

3.50 

3.50 

3.50 

Final 

3.375 

-3.45 

0 

» 

0 

3.40 

-3.50 

-0.04 

2.87 

-3.50 

-0.63 

5  min 

3.120 

“3.  25 

-0.14 

2.53 

-2.96 

-0.44 

1.32 

-3.15 

-1.90 

30  min 

3.00 

-3. 16 

-0, 14 

2.02 

-2.78 

-0.77 

— 

-3.10 

“3.25 

1  hour 

2.97 

“3. 12 

-0.13 

1.85 

-2.625 

-0.815 

1  Vz 

2.90 

-3.00 

-0. 10 

1.70 

-2.52 

-0.800 

2  hrs 

2.86 

-2.98 

-0.105 

1.70 

-2.55 

-0.825 

2  Vj  hrs 

2.82 

-2.92 

-0.130 

1.62 

-2.47 

-0.870 

3  Vz  hrs 

1.78 

-2.80 

-1.01 

4 

2.78 

-3,00 

-0.215 

1.70 

-2.67 

-0.98 

4  Vz  hrs 

2.675 

-2.95 

-0. 260 

1.85 

-2.90 

-1.05 

5  hrs 

2. 66 

-2.96 

-0.290 

1.80 

-2.90 

-1.10 

6  hrs 

2.525 

-2.81 

-0.250 

1.71 

-2.90 

-1.18 

6y2hrs 

2.430 

“2.72 

-0.305 

7  hrs 

2.275 

-2.70 

-0.430 

1.65 

-2,90 

-1.25 

7  Vz  hrs 

2.02 

-2.73 

-0.690  ! 

8  hrs 

0.95 

-2.80 

-1.800 

1.50 

-2. 90 

-1.40 

8  V4  hrs 

0.00 

-2.80 

-2.80 

9  hrs 

1.11 

-2.95 

-1.84 

9  Vz  hrs 

1 

] 

0.0 

-2.93 

-2.95 

1 

Utilization  of  Ci 

iFz  i 

54% 

55.3% 

1.5% 

Sensitivity  l6x 


Sensitivity  128x 


FIGURE  1 


Temperaiura  programmed  {’C) 


Time  programmed  (niln) 


t 

Serisitivity  8x 

Sensitivity  128x 

FIGURE  2 


Te.nperature  programmed  (  oc) 


Ti:^e  programmed  (min) 


Sensitivity  8x 


Sensitivity  64x 


FIGURE  3 


Temperature  programmed  (°C) 


Time  programmed  (min) 


i 


Sensitivity  8x 


X- - - > 

Sensitivity  128x 


FIGURE  5 


Temperatur  programmed  {^C) 


Time  programmed  (min) 


Sensitivity  8x 


^ - 

Sensitivity  128x 


FIGURE  6 


•4 


Vapor  Phase  Chromatogram  of 
As  Received  Propylene  Carbonate 

Injection  Temperature  110”C 


i 


- >4 - > 

Sensitivity  4x  Sensitivity  128x 


f 


FIGURE  7 


FIGURE  8 


Vapor  Phase  Chromatogram  of  Propylene  Carbonate 
DistiliedUniger  \'*a^um 

Injection  Temperature  110**C 


FIGURE  9 


5 - 

Temperature  programmed  {®C) 

— - - - - 

Time  programmed  (min) 

{  ,  .  1  , 

Sensitivity  4x 

Sensitivity  128x 

FIGURE  10 

FIGURE  11 


Sensitivity  4x  Sensitivity  IZftx 


FIGURE 


Equivalent  Conductance  of  LICIO4  in  Organic  Solvents 


Concent 


Tin.e  (minu^.cjs) 


on  Performance 


^n/n  SA  s;ioA 


FIGURE  19 


Effect  of  Pressure  on  Performance 


SA  s^ioA 


FIGURE  20 


oe 


dct  of  Water  on  Performance 


FIGURE  23 


Effect  of  Ground  CuF^  on  Performance 


Percent  Discharged 


Lithium  Anodes  - 


Performance  of  Pressed  Lithium  Ribbon  Anodes 


Percent  Lithium  Utilized 


storage  of  Li  Electrodes  in  IF  LiC104  Propylene  Carbonate 


Performance  of  Pressed  Lithium  Powder  Anodes 


Percent  Lithium  Utilized 


I 


1 M  Li  Cl  O4  in  prop.  cart).  Current:  0.5  amp  Duration:  1  hour 


0.  IM  LICIO4  in  prop.  carb.  Current:  0.1  amp  Duration:  ZO  min 


1 M  LiCl  O4  in  DMF  Current  0. 5  amp  Duration:  1  hour 
Hull  Cell  Panels  -  Figure  34 


i 

I 

i 


Saturated  Li  Cl  in  prop.  carb.  Current:  0.05  amp 
Duration:  1  hour 


1  M  Li  Cl  O4  in  Acetonitrile  Current:  0. 5  amp  Duration:  1  hour 


Hull  Cell  Panels  -  Figure  35 


*•?>  • 


Discharge  of  Electrodeposited  Lithium  Electrode 


9j/loj;oeT3  u|  +n/Tl  sa  icnue^Od 


FIGURE  36 


Discharge  of  Electroplated  Lithium  Electrode 


FIGURE  37 


FIGURE  38 


Performance  Li  -  CuFz  Cells 


zed 


Compacting  Pressure  on  Performance 
of  CuF^  Cathodes 


Evaluation  of  Cathode  Compacting  Pressure 


O  O'  o 
O  M 

O  MK 


<D  0) 

o  o 


Effect  of  Sulfur  on  Performance  of  CuTz  Cathodes 


Percent  Utilization  of  CuFz 


Performance  of  C0F3  Cathode  in  a  LI  -  C0F3  Cell 


o 
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IS.  ABSTRACT 

The  study  of  hlc^  energy  density  s^tems  in  the  second  quarter  Included: 
investigation  of  nev  electrolyte  solvents;  developnent  of  a  technique  for 
purifying  propylene  cazhonate  and  other  solvents;  continued  studies  of  corrosion 
and  soliiblllty  of  anode  and  cathode  nateirlals  In  various  electzo?yte8;  Investi¬ 
gation  of  the  effect  of  various  fabrication  and  operating  paraoieters  on  cathode 
perfomance;  developnent  of  LI  anode  fabrication  methods;  and  construction  and 
testing  of  cooqpact  Ll/cuFs  cells* 

Propylene  carbonate  of  hl^  purlly  vas  obtained  by  vacuum  distillation  fron 
a  basic  oxide  (CaO)  or  an  allcall  metal  (Id)* 

Various  new  electrolyte  solvents  were  screened  to  determine  their  com- 
patlblU^  with  the  I1ICUF2  couple,  but  none  were  found  to  be  congparable  to 
propylene  carbonate* 

A  re-evaluation  of  solubility  of  CUF2  in  various  electrolytes,  using  purified 
solvents,  revealed  generally  low  solubility,  except  in  Id  Cl  04/acetonltrlle, 

Id  Cl  04/nitroatethane,  and  AlCl3/propylene  ceubonate*  Corrosion  rates  of  Id  in 
these  electrolytes  were  blg^  ernq^t  for  IdCl04/prt^lene  carbonate  and  IddOj^ 
nltronethane* 

Investigactlon  of  new  CUF2  cathode  binders  revealed  that  none  of  those  tested 
vas  superior  to  polyethylene* 

A  re-evaluation  of  CuiFo  particle  else,  with  regard  to  its  effect  on  cathode 
performance,  revealed  that  mterial  of  -I70  mesh  was  the  best  of  all  fractions 
tested* 
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13 «  Abstract  (Ccntd) 


Cupric  fluoride  cathode  performance  vas  found  to  increaoe  with  an  increase  in 
operating  temperature  between  O^C  and  30^C  and  decreased  with  further  increase  in 
temperature  to  60®C« 

Attempts  to  develop  new  CUF2  cathode  fabrication  techniques^  by  electrofozning 
copper  fluoride  in  a  fluoride  containing  electrolyte,  and  by  chemical  treatment  of 
sintered  CuD  with  BrF^  were  unsuccessful* 

A  study  of  various  anode  fabrication  methods,  including  pressed  Li  ribbon  and 
powder,  and  electrofozm<^  Li,  revealed  that  the  pressed  ribbon  method  was  by  fdr 
the  best,  with  regard  to  both  performance  and  simplicity  of  fabrication. 

A  separator  study  was  Initiated  to  develop  a  material  s\2itable  for  use  in  the 
Li/CuFg  system,  and  having  the  characteristic  of  low  electricsil  resistance, 
resistance  to  chemical  attack,  and  the  eapablli'i^  of  acting  as  a  barrier  to  migration 
of  copper  Ions  to  the  anode.  Thus  far,  only  asbestos  filter  paper  has  been  used  as 
a  separator  in  cell  construction  but  it  is  not  completely  satisfactory. 

Ll/CuFg  compact  construction,  containing  two  Li  anodes  and  one  CUF2 

cathode,  am  with  asbestos  filter  paper  insulation,  have  been  tested.  An  energy 
density  of  3^3  vatt  hours  per  lb  (based  on  active  materials  consumed  only)  has 
been  obtained  with  a  current  density  of  1*7  ma/cn^.  C!harged  stand  capability  is 
limited  to  about  US  hours  because  of  migration  of  copper  ions  to  the  anode,  with 
consequent  short  cireuitlng  of  the  cells.  (Author) 
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